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A B S T R A C T   

The North Alpine Foreland Basin (NAFB) comprises one of the most complete sedimentary records of the 
Oligocene and Miocene, driven by global sea-level fluctuations, vast sedimentary influx and tectonic movement. 
The locality of Unterrudling near Eferding (Upper Austria) exposes the largest succession of sedimentary deposits 
from the late Oligocene in the eastern NAFB. Additionally, this section shows the facies transition from the 
shallow-water Linz-Melk Formation to the deep-water Eferding Formation. In this work, the fossil fauna and flora 
of the Eferding Formation as well as its lithology are re-evaluated using a multidisciplinary approach to gain new 
insights into the palaeoenvironment, palaeoclimate, and palaeoecology. A transgressive sequence is documented 
using sedimentological and ichnological data. Furthermore, a correlation to the late Chattian transgressive Ch-3 
sequence is suggested. The impact of rising sea-level on marine biota is shown in detail by analysing various 
groups (Bivalvia, Echinodermata, Anthozoa, Foraminifera, Chondrichthyes and Osteichthyes), with several 
newly reported species for the Eferding Formation. Moreover, washed in plant material was analysed for the 
interpretation of the terrestrial climate indicating mainly humid subtropical conditions. Finally, the presence of 
phosphatic nodules indicates eutrophication on the shelf environment and the possibility of upwelling currents.   

1. Introduction 

The North Alpine Foreland Basin (NAFB) (Fig. 1A) is a prominent 
archive for the Oligocene and Miocene of Europe. The thick and 
commonly fossiliferous sedimentary successions accumulated during 
this interval provide invaluable insights into the geological development 
of the foreland basin and changes in environmental conditions (Lemcke, 
1988; Schlunegger et al., 2001; Kuhlemann and Kempf, 2002; Böhme, 

2003). Palaeogeographic interpretations of the NAFB are well estab-
lished (Lemcke, 1988; Bachmann and Müller, 1992; Doppler et al., 1996; 
Rögl, 1998; Kuhlemann and Kempf, 2002; Kovác et al., 2017) and 
improved by taking evolutionary dynamics of biota into account 
(Harzhauser and Mandic, 2008; Pippèrr and Reichenbacher, 2017). 
These large-scale reconstructions rely on constrained age models and 
environmental interpretations at a regional scale. Therefore, lithos-
tratigraphic studies were carried out (Wagner, 1998; Doppler et al., 
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2005; Pirkenseer et al., 2018) and supported by biostratigraphic 
schemes (Hochuli, 1978; Reichenbacher, 1993; Berggren et al., 1995; 
Cicha et al., 1998; Steininger, 1999; Piller et al., 2007; Hilgen et al., 
2012). More recently magnetostratigraphy (Sant et al., 2017; Van der 
Boon et al., 2018), 3D modelling (Hofmayer et al., 2019), sequence 
stratigraphy (Haq et al., 1988; Vakarcs et al., 1998; Grunert et al., 2013; 
Kalifi et al., 2020), cyclostratigraphy (Harzhauser et al., 2013; Grunert 
et al., 2014) and chemostratigraphy (Grunert et al., 2015; Teschner and 
Reichenbacher, 2017; Hülscher et al., 2019) were added to the toolset. 
However, these previous studies focused mainly on a single aspect, 
without considering all available data, although integrative approaches 
to stratigraphy are getting increasingly more attention (Berger et al., 
2005; Kälin and Kempf, 2009; Grunert et al., 2010a, 2010b; Sach-
senhofer et al., 2010; Houben et al., 2012; Roetzel et al., 2014; Palzer- 
Khomenko et al., 2018; Pippèrr et al., 2018; Mandic et al., 2019a, 

2019b). Palaeoenvironmental and palaeoecological interpretations, on 
the other hand, are still based on single groups of organisms only, such 
as plants (Böhme et al., 2007; Kovar-Eder et al., 2008), molluscs 
(Schneider and Prieto, 2011; Nebelsick et al., 2019; Mandic et al., 2020), 
sharks (Pollerspöck and Straube, 2017), trace fossils (Uchman and 
Krenmayr, 2004), ostracods (Brinkmann et al., 2019), and foraminifera 
(Pippèrr, 2011; Pippèrr and Reichenbacher, 2017), or on sedimentology 
and geochemistry alone (Roetzel et al., 1983; Faupl and Roetzel, 1990; 
Kocsis et al., 2008). 

In addition, the available literature on the Oligocene strata of the 
eastern NAFB is often outdated (Rögl and Steininger, 1969; Roetzel 
et al., 1983; Dohmann and Braunstein, 1993; Wagner, 1996) and recent 
studies covering this time period are scarce (Rupp and Ćorić, 2012; 
Grunert et al., 2010a, 2010b, 2015; Knierzinger et al., 2019). Moreover, 
the recently formalized stratigraphic framework of the upper Oligocene, 
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Fig. 1. Study area. 
(A) Palaeogeographic map of the Egerian Paratethys stage, lasting from 27.5 to 21.5 Ma (Piller et al., 2007), modified after Kuhlemann and Kempf (2002) and Rögl 
(1998); dashed lines represent the recent Alpine, Carpathian and Caucasian thrust fronts. (B) Simplified geological map of the Oligocene to Miocene formations of 
Upper Austria at a scale of 1:200,000 (Rupp et al., 2011); the study site Unterrudling is marked with a red star. Interpreted coastlines during deposition of the 
Eferding Formation (red lines) are inferred from the reconstructed palaeodepths of 300 m and 200 m discussed in this study. For the isolines the recent topography is 
used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and in particular the Eferding Formation (Rupp and Ćorić, 2015), was 
only sparingly integrated in further studies (Feichtinger et al., 2019a, 
2019b; Grunert et al., 2010a, 2010b). Even though, a large potential for 
palaeoenvironmental implications was shown for the Eferding Forma-
tion at the locality of Unterrudling (Kovar-Eder and Berger, 1987). This 
site in Upper Austria exposes a fossiliferous upper Oligocene sedimen-
tary succession, comprising the Linz-Melk Formation and the Eferding 
Formation (Figs. 2, 3) (Rupp and Ćorić, 2015; Kovar-Eder and Berger, 
1987; Feichtinger et al., 2019a, 2019b, 2020). This site is the largest and 
most complete section of Oligocene deposits exposed in the eastern 
NAFB and the dark marls of the Eferding Formation proved to be very 
fossiliferous (Kovar-Eder and Berger, 1987; Feichtinger et al., 2019a, 
2019b, 2020). 

Within this study a revised interpretation of environmental condi-
tions and ecological networks of the Eferding Formation is presented to 
provide new constraints on palaeogeographic changes and climatic 
conditions during the Egerian (late Oligocene) in the NAFB. A compre-
hensive multidisciplinary approach including high resolution sedimen-
tology, micro- and macro-palaeontology, palaeobotany, ichnology, 
geochemistry, and sedimentary petrography is used to interpret sea- 
level changes, ecological networks, as well as marine and terrestrial 
conditions, and to resolve stratigraphic and palaeogeographic issues for 
the Egerian in the NAFB. 

2. Geological setting 

2.1. General background 

The disintegration of the Tethys Ocean, which began in the late 
Eocene (Rögl, 1998), led to the formation of the Paratethys Sea (Fig. 1A; 

Rögl and Steininger, 1983; Steininger and Wesseley, 2000). During the 
Egerian stage, the NAFB experienced large-scale sedimentary discharge 
from the Alps (Kuhlemann et al., 2002) and tectonic uplift (Doppler 
et al., 1996). This interplay caused the development of extensive 
terrestrial environments to evolve across most of the NAFB, whereby 
only the eastern part remained marine (Fig. 1A) (Kuhlemann and Kempf, 
2002). The Paratethys has been subdivided into the western, central and 
eastern parts, which prompted the introduction of regional stages for 
each realm (Rögl, 1996; Reichenbacher, 1999). In the Central Para-
tethys, the upper Oligocene is represented by the Egerian regional stages 
(Fig. 2; Báldi and Seneš, 1975), which ranges from the Chattian to the 
Aquitanian global stage with an age of 27.3–21.5 Ma (Piller et al., 2007). 
This time period was characterized by drastic palaeogeographic and 
palaeoenvironmental changes (e.g., Lemcke, 1988; Rögl, 1998; De Ruig 
and Hubbard, 2006; Harzhauser and Piller, 2007), particularly affecting 
the westernmost part of the Paratethys Sea, the North Alpine Foreland 
Basin (NAFB) (Fig. 1B; Kuhlemann and Kempf, 2002). The NAFB is a 
classical foreland basin (Bachmann and Müller, 1992) formed by the 
subduction of the European Plate under the African-Adriatic Plate 
(Ratschbacher et al., 2004). The deposits (Figs. 1B, 2) of the NAFB are 
generally termed “Molasse”, which refers to their soft, often unlithified 
character (Fig. 3). Most of these deposits originate from the exhumation 
and weathering of the Alps as well as from the Franconian Platform and 
the Bohemian Massif (Ortner and Stingl, 2001). The area of the Northern 
Calcareous Alps was still rather flat during most of the Oligocene and 
covered by the fluvial gravelly facies of the Augenstein Formation 
(Fritsch et al., 2001). 

In the western part, previously existing seaways to the Mediterra-
nean and the North Sea were closed (Grunert et al., 2012; Hilgen et al., 
2012). Knierzinger et al. (2019) even postulated a partial isolation to 

Fig. 2. Stratigraphy. 
Stratigraphic chart of Central and Western Paratethys regional stages according to Piller et al. (2007). The correlation of the formations in Upper Austria follows 
Rupp et al. (2011) and Hofmayer et al. (2019); The stratigraphic position of the outcrop Unterrudling (red bar) follows Rupp and Ćorić (2015). Global deep-sea 
isotope record taken from Zachos et al. (2001a, 2001b), the temperature represents deep-sea benthic values. Colours of the different formations according to Pil-
ler et al. (2007). Calcareous nannoplankton zonation according to Martini (1971), planktonic foraminifera zonation according to Gradstein et al. (2020). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the east by a tectonically induced ridge. Most of the sedimentary 
material was transported by large river systems eastwards into the 
marine realm (Doppler et al., 1996; Pirkenseer et al., 2018), resulting 
in turbiditic depositis and the formation of deep-sea channels parallel 
to the orogenic belt (Masalimova et al., 2015; Sharman et al., 2018) 
and various marine diachronous facies (Figs. 1B, 2) (Rupp et al., 
2011). Several river systems drained the Bohemian Massif from the 
north, represented by the beds of Freistadt-Kefermarkt north of Linz 
(Chábera and Huber, 2000), and the St. Marein-Freischling Formation 
north of Krems (Nehyba and Roetzel, 2010). 

2.2. Locality and associated deposits 

The locality of Unterrudling (WGS84: 48◦18′09.9′′N 13◦59′35.9′′E) 
(Fig. 3) in the eastern NAFB is located close to the northern mainland of 
the Bohemian Massif. It is dated to the middle Egerian (~25.6 Ma) using 
nannoplankton (Zone NP25) and it represents the transition of a shallow 
marine to a deep-sea environment during the Egerian (Fig. 2; Rupp and 
Ćorić, 2015). Several different depositional environments persisted in 
close proximity during that time (Kuhlemann and Kempf, 2002). Local 
intertidal zones in estuarine environments existed along the coast of the 
Bohemian Massif (Roetzel et al., 1983; Harzhauser and Mandic, 2001). 
These brackish deposits (Pielach Formation; Wagner, 1996) are pre-
served as small patches or as intercalations in coastal sands (Ćorić et al., 
2013), indicating a regressive phase in some areas (Roetzel et al., 1983). 
The Linz-Melk Formation represents the marine nearshore facies up to 
the shelf-zone (Figs. 1B, 2; Roetzel et al., 1983; Krenmayr and Roetzel, 
2000b). These shallow marine deposits display a large lithological va-
riety along the margin of the Bohemian Massif (Rupp et al., 2011). The 
facies range from coarse-grained, breaker-zone sands (Roetzel et al., 
1983) to massive, poorly sorted and strongly bioturbated shoreface 
sands. Furthermore, up to several metres thick mega-scale cross-strati-
fied sandwaves have been reported (Krenmayr and Roetzel, 2000a). The 
dominance of quartz and minor clastic feldspar in a kaolinitic matrix is 
typical for the Linz-Melk Formation (Roetzel et al., 1983), and the strata 
are known for their remains of marine vertebrates such as cetaceans and 
sirenians (Marx et al., 2011; Voss et al., 2016). The shelf deposits, 
formerly termed “Älterer Schlier” were recently formalized and 
comprise the Eferding Formation (Rupp and Ćorić, 2015) as well as the 
overlying Ebelsberg Formation (Rupp and Ćorić, 2012; Figs. 1, 2). Both 
are composed of dark grey, partly laminated silts to clays. These strata 
are locally rich in well-preserved fossils, possibly due to anoxic bottom 
water conditions (Kovar-Eder and Berger, 1987; Grunert et al., 2010a, 
2010b; Rupp and Ćorić, 2015). At the southern margin of the NAFB in 
the vicinity of the ancient thrust front, the basin was at its deepest and 

characterized by coarse-grained turbiditic deposits and deep-sea can-
yons (Wagner, 1998; De Ruig and Hubbard, 2006), with estimated 
palaeodepths of 1000–1500 m (Kuhlemann and Kempf, 2002; Grunert 
et al., 2010a, 2010b). These deposits are assigned to the Puchkirchen 
Formation (Fig. 2; Wagner, 1996; Pytlak et al., 2017). 

3. Material and methods 

A 41-m-thick geological profile of the Unterrudling section was 
studied for the sedimentological, palaeontological and geochemical in-
terpretations. Different lithological horizons were identified and sepa-
rated into several beds (Fig. 4). Abbreviations ‘LM’ for the Linz-Melk 
Formation, and ‘E’ for the Eferding Formation are used. Samples were 
collected from several horizons (Fig. 4, Table 1) for the analyses of fossil 
taxa and thin section petrography. A compilation of the collected ma-
terial in Unterrudling is given in Table 1. 

3.1. Sedimentology and granulometry 

Fifteen samples for representative granulometric analysis were taken 
(Table 1). Grain size analyses were carried out at the Austrian Geological 
Survey using a combination of wet sieving in ½ Phi steps and Sedigraph 
for grain sizes <0.032 mm. The sieve analysis data and the data 
generated from the Micromeritics SediGraph 5100 were subsequently 
calculated and displayed with the software program SedPakWin (Reit-
ner et al., 2005). 

3.2. Thin section petrography and X-ray diffraction 

Petrography of phosphatic concretions was analysed on thin sections 
of standard size using a Leica DM 4500 P polarization microscope 
coupled to a Leica DFC 450C camera, using the Leica Application Suite 
4.4.0 for image analysis and camera control (Table 1, Fig. 5). The 
phosphatic concretions were separated into 6 piles of 6 to 10 individual 
concretions based on size and morphology. Sample piles for X-ray 
diffraction were crushed using a rock hammer and further processed to 
fine powder using an agate mortar and pestle. The powdered samples 
were analysed using a Philips X’Pert 3710 mpd diffractometer at the 
Department of Mineralogy and Crystallography of the University of 
Vienna. X-ray diffraction patterns and mineral identification was con-
ducted using the Bruker-AXS Eva 13.0.0.3 software package. The Bruker 
TOPAS 3 software using the crystallographic open database (COD) was 
used for structural identification and refinement of minerals. 

Fig. 3. Study site. 
Locality: (A) Location of the Unterrudling sand pit. (B) Photograph showing the exposed formations (Linz-Melk Formation (base), Eferding Formation (top)). 
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3.3. Ichnology 

Trace fossils, mainly burrows, were prepared in the field, either by 
cutting clean sections through the burrow, or by uncovering larger 
burrows with scraping tools. The environmental and ecological in-
terpretations are following the current literature summarized in text 
books in the larger part (e.g., Bromley, 1996; Pemberton et al., 2001; 
Miller, 2007; Buatois and Mángano, 2011; Bromley and Knaust, 2012; 
Knaust, 2017; and references therein). 

3.4. Palynology and palaeobotany 

Sediment samples (concretions and surrounding sediments, c. 60 g) 
(Table 1) were prepared following the method of Halbritter et al. (2018) 
for pollen extraction. The remaining material was mixed with glycerol 
and stored in small sample tubes. The identification of the pollen follows 
the single grain technique (cf. Zetter, 1998; Hesse et al., 2009), where the 
same pollen grain analysed with light microscopy (LM) is used for scan-
ning electron microscopy (SEM). The resulting images (Figs. S4, S5) were 
used for detailed descriptions and affiliations with extant botanical fam-
ilies and genera (= next living relatives). The distributions of the nearest 
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living relatives of newly identified taxa were selected for the recon-
struction of the climate during the late Oligocene period. For the distri-
bution of next living relatives, the databases international plant name 
index (IPNI, 2020), Tropicos and Plants of the World (POWO, 2019) and 
the Köppen Geiger Classification (Kottek et al., 2006) were used. 

Newly described fossilized leaves combined with descriptions of 
Kovar-Eder and Berger (1987) from the Eferding Formation were used to 
interpret the palaeoclimate using Climate Leaf Analysis Multivariate 

Program (CLAMP), after Soysal et al., 2017). Fossil taxa described by 
Kovar-Eder and Berger (1987) are housed in the following museums 
(Natural History Museum, NHMW), Oberösterreichische Landes-Kultur 
GmbH (formerly Oberösterreichisches Landesmuseum Linz, OLL), 
Stadtmuseum Linz Nordico, Bavarian State Collection of Palaeontology 
and Geology (BSPG), and were not all reviewed as parts of the collec-
tions were missing. Only a small number of taxa (10 in total) could be 
used for the CLAMP analysis and so only an approximation of the climate 

Table 1 
Analysed material from the Eferding Formation and its allocation and abundances through the profile.  

Taxon/Sample Total number of samples 
(individuals) 

Beds (see Fig.3) Field 
work 

Analysed by Deposited in 

Granulometry 15 LM2, LM3, LM5, LM7, LM11, LM14, LM15, LM16, 
LM18, E3(2×), E4, E5, E7, E10 

2001 Roetzel GBA 

Phosphatic concretions 50 E16 2020 Smrzka, Zwicker IPUW 
Ichnofossils 8 LM9, LM11, LM13, E1, E2, E17, LM7-LM12 2001, 

2020 
Uchman  

Pollen & Leaves 4 & 7 E7, E10, E12, E16 2019 Filek NHMW, OLL, 
IPUW 

Bivalvia 9 (42) E2, E3, E16, E17 2018, 
2020 

Mandic NHMW 

Osteichthyes 1 (43) E17 2020 Reichenbacher NHMW 
Chondrichthyes 4 (102) E1-E8 (mixed sample), E2, E16, E17 2020 Pollerspöck, 

Feichtinger 
NHMW, OLL 

Echinodermata 2 E16, E17 2020 Kroh NHMW 
Foraminifera 2 E16, E12-E19 2020 Kranner IPUW 
Foraminifera (Rupp and 

Ćorić, 2015) 
18 E3(3×), E4, E5, E7, E8, E9, E10, E12(2×), E14(2×), 

E16, E17, E18, E19 
2015 Rupp, Kranner GBA 

Corals 1 E17 2020 Berning NHMW  

Fig. 5. Petrography of phosphatic nodules. 
Thin section micrographs of Unterrudling phosphatic concretions, cp – cryptocrystalline phosphate, qtz – quartz, py – pyrite. (A) Spherical to oval concretion with 
dispersed detrital grains within a matrix of cryptocrystalline phosphate. (B) Tubular concretions with zonation composed of cryptocrystalline phosphate. (C) 
Accumulation of detrital and biogenic particles within a spherical concretion featuring angular quartz grains, glauconite (arrow), and foraminifera. (D) Benthic 
foraminifera (Bulimina sp.) in the centre of a spherical concretion within a cryptocrystalline phosphate matrix. Foraminifera shells are partly replaced by crypto-
crystalline phosphate and feature framboidal pyrite. 
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was interpreted. 

3.5. Anthozoa 

Numerous specimens of scleractinian coral skeletons were recovered 
from layer E17, among them a 40 × 30 cm slab with several colonies 
preserved in it. The colonies were excavated from the clayey sediment 
and the friable skeletons hardened. For identification, the works on 
scleractinia (Zibrowius, 1980) and deep-coral growth (Taviani et al., 
2005) were used. 

3.6. Bivalvia 

Bivalve samples were collected in 2020 from beds E16 and E17 (Fig. 
S6 A–D, F–J; Table 1). Additional specimens were photographed on site 
in 2018 from beds E2 and E3 (Fig. S6 E, Table 1). Washing and sieving has 
not been applied to the collected bulk sediment samples, as the incor-
porated shell remains strongly tend to disintegrate. The preparation of 
available shells was carried out under the stereomicroscope, in respect to 
their small general size and extreme fragility. Treatment included fixa-
tion by a diluted vinyl acetate aqueous dispersion (i.e. Mowilith) to 
prevent further shell disintegration after drying. Laboratory photographs 
were made by Nikon D5200. All study material is in the collection of the 
Natural History Museum Vienna (NHMW 2020/0140). 

3.7. Echinodermata, Chondrichthyes and Osteichthyes 

Small elasmobranch teeth, otoliths and remains of echinoderms were 
extracted exclusively from 100 kg sediment derived from the coral layer 
(E17). The sediment was dried, dissolved using diluted hydrogen 
peroxide and screen washed (mesh sizes 500, 250, and 125 μm). For 
preparing Scanning Electron Microscope images, the ichthyoliths were 
mounted on stubs and coated with a gold alloy for photography using a 
JEOL JSM Neoscope at the Geological-Palaeontological Department of 
the Natural History Museum (NHMW) in Vienna. Isolated larger elas-
mobranch teeth were collected from various horizons directly in the 
quarry (Table 1; see Figs. S7, S8). 

All material is housed at the NHMW in Vienna, the Department of 
Palaeontology University of Vienna (IPUW) or the OLL. Collection 
numbers for all taxa are given in Appendix 1. 

3.8. Foraminifera 

Thin sections of the phosphatic nodules, produced for petrographic 
examinations yielded clumped foraminifera. These were identified and 
assigned at the genus level (Table 3). The foraminifera samples from 
Rupp and Ćorić (2015), which were taken in 1 m resolution, were re- 
evaluated. The sample acronyms of Rupp and Ćorić (2015) correspond 
thenew samples: UR2–UR4 = E1–E3, UR5–UR12 = E4–E11 and 
UR13–UR19 = E12–E18. The samples are correlated to the geological 
profile of this study (Table 1, Fig. 4), environmental and ecological in-
terpretations are based on published ranges of extant foraminifera 
(Murray, 1991, 2006; Sgarrella and Moncharmont Zei, 1993; Kaiho, 
1994; Altenbach et al., 2003; Rögl and Spezzaferri, 2003; Hohenegger, 
2005; Kaminski and Gradstein, 2005; Rasmussen, 2005; Spezzaferri and 
Tamburini, 2007; Báldi and Hohenegger, 2008; Sen Gupta et al., 2009; 
Grunert et al., 2010a, 2010b; Pippèrr and Reichenbacher, 2010; Milker 
and Schmiedl, 2012; Holcová et al., 2015, 2018; Székely et al., 2017). 

These range values were used as limits in the calculations of Hohe-
negger (2005) and Báldi and Hohenegger (2008) to determine palae-
obathymetry. For calculating salinity and bottom water temperature the 
limits of these parameters were used as “lj” and hence all parameters 
were calculated with the following formula (Eq. (1)) developed by 
Hohenegger (2005) and extended by Báldi and Hohenegger (2008) with 
a 95% confidence interval: 

depth =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

j=1ljajd− 1
j

∑m
j=1ajd− 1

j

√
√
√
√ (1) 

Where lj stands for the location parameter (depth, salinity or bottom 
water temperature) represented by the geometric mean (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
xjmin*xjmax

√
), 

whereas the weighting factor dj in this equation was calculated with 
(xjmax - xjmin) and aj represents the relative abundance of the species. For 
more detailed information see Hohenegger (2005 and Báldi and Hohe-
negger (2008). 

Further palaeowater depth calculations using the P/B ratio are con-
ducted taking into account planktonic (P) and benthic (B) foraminifera as 
well as stress markers (S) by using the formula of Van der Zwaan et al. 
(1990): P(%) = P

(P+B− S), Depth(m) = e3.58718 + 0.03534 * P(%). 
In the following paragraphs calculated absolute values are rounded 

to the nearest ten (for depth calculations) or to the integer (temperature 
and salinity) are listed and represent only approximations. 

Bathymetric categories defined by Adegoke et al. (2017): inner 
neritic = shoreface down to ca. 40 m, middle neritic = 40–100 m, outer 
neritic = 100–200 m, bathyal = below 200 m were applied. 

The ecological parameters “Feeding Type”, “Mode of life” and 
“Oxygenation” were plotted in a ternary diagrams (Fig. 8A–C) combined 
with a density map. For the ternary plots (Fig. 8A–C), the absolute values 
were transferred in percentages per sample; purple colours indicate 
absence, light blue low abundance, green and yellow moderate abun-
dance and orange to red indicate high values. The definition of 
oxygenation follows Kaiho (1994). Hence, we distinguish between oxic, 
suboxic and dysoxic indicators and high oxic, low oxic, suboxic and 
dysoxic conditions. Quantitative analyses have been conducted using 
the software PAST (Paleontological Statistics, version 4.03; Hammer 
et al., 2001) and were illustrated using CorelDraw X8. 

4. Results 

All newly collected fossils and ecological interpretations are given in 
Tables 2 and 3. Representative fossils from the Eferding Formation are 
shown in Fig. 7. Representative sedimentological facies are depicted in 
Fig. S1 (Linz-Melk Formation) and S2 (Eferding Formation) and a 
detailed overview of the identified taxa is provided in Figs. S3–S8. 

4.1. Lithology 

The outcrop shows a 41 m-thick section comprising 20 m of the 
sandy Linz-Melk Formation overlain by 21 m of the silty-clayey Eferding 
Formation (Fig. 3). 

4.1.1. Linz-Melk Formation 
The basal part of the section (Fig. 4) features a 4.5 m-thick whitish to 

pale coloured medium to fine-grained and strongly bioturbated sand, 
which is subdivided by three gravelly and two fining upwards in-
tercalations (LM2-LM5). The grain sorting at the base (LM1) is quite 
poor (Fig. 6). Normal faults with displacements of about 1 m were 
observed in this interval. The gravelly layer LM7 shows a clear erosional 
base cutting into a several cm thick bioturbated layer (LM6, Fig. S1). 
This sequence is repeated after 1 m (LM8–10), whereas LM9 exhibits 
abundant trace fossils (Fig. S1). Between 6.4 m and 7.8 m (LM11), the 
well sorted, medium sand contains wood fragments as well as trace 
fossils such as >50 cm long branching burrows (Fig. S1). The sediment 
appears massive and shows evidence of dense bioturbation structures. 
Cross-bedding can be observed in the 1-m-thick bed LM12 (Fig. 4). From 
a gravel layer at the top (LM13), burrows and up to 50 cm deep gravel 
filled pockets disturb the cross-bedded sand below (Fig. S1). From 9 to 
20 m, where several gravelly layers (LM15, LM17, LM19, LM21) with 
erosional base interrupt the partly cross-bedded fine gravelly and coarse 
sands (LM14, LM16, LM18, LM20, LM22) (Figs. 4, S1), a general 
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Table 2 
Table of the examined fossil leaves and pollen taxa from the Eferding formation.  

C L A M P 

MAT WMMT CMMT GROWSEAS GSP MMGSP  
20.6 28.2 10.7 11.1 169.3 16.2   

3-WET 3-DRY RH SH ENTHAL   
83.2 12.4 68 11.3 33.8  

Parent taxon Taxa Stratigraphy Genus distribution Decidious Evergreen Identified by/Figure 

Magnoliophyta Dicotylophyllum Cretaceous-Oligocene    Kovar-Eder and Berger (1987) 
Myricaceae Myrica lignitum Eocene-Miocene cosmopolitan + + Kovar-Eder and Berger (1987) 
Fagaceae aff. Quercus sprengeli, Quercus vel Castanea sp. Cretaceous-today N-Hemisphere + + Kovar-Eder and Berger (1987) 
Platanaceae Platanus neptuni Oligocene-Miocene SE-As, Eu, N-Am + Kovar-Eder and Berger (1987) 
Lauraceae Lauraceae gen. et sp. indet     Kovar-Eder and Berger (1987) 

Daphnogene cinnamomifolia Eocene-Miocene   + this study, Kovar-Eder and Berger (1987), Fig. S5 (G, I) 
Mycophyta Mycophyta indet.     this study, Kovar-Eder and Berger (1987), Fig. S5 (J)  

POLLEN 
Taxa Abundancies Stratigraphy Köppen-Geiger Classification Recent Distribution Figure 

Fagaceae indet. X recent Cfa, Cfb, Cfc, Csa, Csb, Csc, Cwa, Cwb, CWc, 
Dfa, Dfb 

N-Hemisphere S5 (A) 

Pinus sp. (haploxylon &  
dyploxylon type) 

X X X recent As, BWk, BWh, BSk, BSh, Cfa, Cfb, Cfc, Csa, 
Csb, Csc, Cwa, Cbb, Cwc, Dfa, Dfb, Dfc, Dfd, 

Dsa, Dsb, Dsc, Dwa, Dwb 

Am, Eu, N-Af, As  

Picea sp. X X X recent Cfa, Cfb, Cfc, Csa, Csb, Csc, Cwa, Cwb, CWc, 
Dfa, Dfb, Dfc, Dfd, Dsa, Dsb, Dsc, Dwb, Dwc, 

Dwd, ET 

N-Am, Eu, As S4 (C) 

Cathaya sp. X X X recent Cfa, Cwb SE-As S4 (A) 
Tsuga sp. X X recent Bsk, Cfa, Cfb, Cfc, Csa, Csb, Dfb, Dfc, Dwb, Dwc, 

ET 
Am, As S4 (B) 

Cupressaceae indet. X X X recent BSk, BSh, Cfa, Csa, Csb, Cwa, Cwb cosmopolitan S4 (D) 
Sparganium sp. X recent Cfa, Cfb, Csa, Csb, Cwa, Cwb, Dfb, Dsb Am, Eu, N-Af, As, E-Aus S4 (E) 
Platanus sp. X recent Am, As, BSh, BSk, Bwh, Bwk, Cfa, Cfb, Csa, 

Cwa, Dfa, Dfb, Dfc, Dsa, Dsb 
N-Am, Eu, SE-As S4 (F) 

Cedrelospermum sp. X X Eocene-Oligocene − N-Am, Eu, As S4 (G) 
Zelkova sp. X X recent Cfa, Cwa, Cwb, Csa, Csb As S4 (H) 
Eotrigonobalanopsis sp. X X Oligocene-Miocene − Eu  
Trigonobalanopsis sp. X X Oligocene-Miocene − Eu S5 (B) 
Quercus sp. X recent Af, BWh, BSk, Cfa, Cfb, Cfc, Csa, Csb, Csc, Cwa, 

Cwb, CWc, Dfa, Dfb, Dwa, Dwb, Dwc 
Am, Eu, N-Af, SE-As S5 (C) 

Carpinus sp. X X recent Am, Aw, Cfa, Cfb, Cwb, Dfa, Dfb, Dfc Am, Eu, As S4 (M) 
Betula sp. X recent Am, As, BWk, BWh, BSk, Cfa, Cfb, Cfc, Csa, Csb, 

Csc, Cwa, Cwb, CWc, Dfa, Dfb, Dfc, Dfd, Dsa, 
Dsb, Dsc, Dwa, Dwb, Dwc, Dwd, EF, ET 

N-Hemisphere S5 (D) 

Engelhardia sp. X X X recent Af, Am, As, Aw, Cfa, Cfb, Csa, Cwa, Cwb, SE-As S4 (O) 
Carya sp. X X recent As, Aw, BSh, Bsk, Cfa, Cfb, Cwa, Cwb, Dfa, Dfb, 

Dfc 
N-Am, SE-As S4 (N), S5 (E, F) 

Euphorbia sp. X X recent Af, Am, As, Aw, BWk, BWh, BSk, BSh, Cfa, Cfb, 
Cfc, Csa, Csb, Csc, Cwa, Cwb, CWc, Dfa, Dfb, 
Dfc, Dfd, Dsa, Dsb, Dsc, Dwa, Dwb, Dwc, Dwd 

Am, Eu, Af, As, Aust S4 (I) 

Rhederodendron sp. X X X recent Cfa, Cwb SE-As S4 (J) 
Vitellariopsis cf. marginata X X recent Aw, Bsk, Cfa, Cfb, Csa, Csb, Cwa, Cwb, Bsh S-Af S4 (K) 
Symplocos sp. X recent Af, Am, As, Aw, Cfa, Cfb, Cwa, Cwb Am, SE-As, E-Aust S4 (L) 
Phillyrea sp. X X recent Cfa, Cfb, Csa, BWk, BWh, BSk S-Eu, Af S4 (P) 

Footnote: Indications about climate (CLAMP) and environment through the affiliations to extant taxa. Geographical occurrences of the extant taxa and climatic conditions of these areas follow the Koeppen and Geiger 
classification (Kottek et al., 2006). Abbreviations: N – North, S – South, SE – Southeast, Af – Africa, As – Asia, Am – America, Aust – Australia, Eu – Europe. 
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coarsening upward trend can be observed. Nevertheless, between the 
single gravel layers, fining upward trends from more gravelly sands to 
coarse sands occur. Gravel filled pockets can be identified again at the 
base of the layer LM19 (Fig. S1) as well as large unidentified burrows in 
LM20. Despite the occurrence of trace fossils throughout the Linz-Melk 
Formation, no faunal remains were observed. Generally, the clastic 
material is dominated by quartz, but accompanied by feldspar, which is 
often heavily weathered. Aside from the basal part, the grain sorting is 
quite well throughout the Linz-Melk Formation (Fig. 6). 

4.1.2. Eferding Formation 
The transition from the sandy facies of the Linz-Melk Formation to-

wards the overlying strata is marked by an abrupt change to darker, 
grey-coloured deposits containing less quartz and feldspar towards a 
more pelitic, organic-rich matrix. However, this transition is not 
accompanied by an abrupt change in grain size. The granulometric data 

rather shows a transition from well sorted coarse sand to poorly sorted 
fine sand (Fig. 6), which is caused by a muddy matrix. Nevertheless, a 
marker horizon is recognized (E1), which is used as a mining floor due to 
its hardness. Abundant small plant particles and numerous wood frag-
ments are present in this basal layer (E1; Fig. 4) at about 20 m within the 
profile. Some wood pieces are up to 50 cm long. Most of these wood 
fragments are heavily bored, in some cases only the refilled burrows 
remain. The most striking feature in E1 is the abundance of flat gypsum 
rosettes that precipitated within the wood fragments (Fig. S2) and the 
surrounding sediment. The sediment comprises a yellow-orange col-
oured coarse sand with abundant mica and glauconite, and is devoid of 
sedimentary structures. From the gypsum layer to 25 m upsection, a silty 
fine sand (E2, E3) with a homogeneous texture and low carbonate 
content can be observed. Especially in the lower part (E2), isolated trace 
fossils and skeletal fish remains are abundant. Mica, oxidized pyrite and 
glauconite are common minerals. From 25 to 25.8 m (E4) the 

Table 3 
Detailed taxa list of the Eferding Formation and their palaeoecological implication. Abundancies are indicated as X (rare), XX (frequent), and XXX (very frequent).   

Abundance Bed Ecological Implications Figure 

Ichnofossils     
Dactyloidites cf. peniculus xx LM7-LM12 shoreface  
Bornichnus tortuosus xx LM7-LM12 intertidal-shelf  
Macaronichnus segregatis xxx LM11 shallow-marine, oxygenated Fig. S3 (D) 
Ophiomorpha cf. annulata x LM11 shallow-marine, lower foreshore - upper shoreface Fig. S3 (B) 
cf. Ophiomorpha irregulaire xx E2  Fig. S3 (C) 
Ophimorpha isp. x LM11  Fig. S3 (A) 
Piscichnus waitemata xxx LM13 intertidal, fair weather wave base Fig. S3 (F) 
?Teichichnus isp. x E2 marine, lagoonal Fig. S3 (E) 
Thalassinoides isp. xxx LM9 shallow-marine Fig. S3 (G) 
Teredolites clavatus xx E1 wood-boring, shallow-marine, transgressive Fig. S3 (H) 
Apectoichnus longissimus xx E1 wood-boring bivalve Fig. S3 (H) 
Asthenopodichnium isp. x E17 mayfly boring Fig. S3 (I) 
Bivalvia     
Delectopecten vitreus x E2, E3, E17 50-4255 m depth, cold water, coral-association Fig. S6 (F-H) 
Neopycnodonte navicularis xx E2, E16, E17 45-250 m depth, cementing, cold water, coral-association Fig. S6 (A-D) 
Propeamussium semiradiatum x E2 100-5000 m depth, cold water, active swimmer, carnivorous Fig. S6 (E) 
Ctenoides aff. eximia xxx E17 0-50 m depth, warm water Fig. S6 (I, J) 
Anthozoa     
Madropora cf. ocoulata xx E17 deeper water  
Foraminifera     
Bathysiphon spp. xx E12-E19 infaunal, cold, upper bathyal  
Uvigerinidae indet. xx E16 cold, 100-4500m depth Fig. 5 (D) 
Buliminidae indet. xx E16 infaunal, cold, shelf-bathyal Fig. 5 (D) 
Echinoidea     
Spatangoida indet.  E16, E17 endobenthic  
Cidardoida indet.  E16, E17   
Chondrichthyes     
Etmopterus sp. xxx E17 deeper water Fig. S7 (A-B) 
Palaeocentroscymnus sp. (OLL) xxx not known deeper water  
Palaeocentroscymnus sp. xxx E17 deeper water Fig. S7 (C-D) 
Dalatidae nov. gen. nov. sp (OLL) xxx not known deeper water  
Dalatidae nov. gen. nov. sp. xxx E17 deeper water Fig. S7 (E-F) 
Centroselachus sp. x E17 deeper water Fig. S7 (G-H) 
?Centroselachus sp. x E17 deeper water  
Heptranchias sp. x E17 down to 1000m Fig. S7 (N-O) 
Echinorhinus sp. x E17 down to 900m, benthic  
Echinorhinus sp. x not known down to 900m, benthic Fig. S7 (I) 
Hexanchus sp. (OLL) x not known down to 2500m Fig. S7 (J) 
Hexanchidae indet. x E1-E8, E17   
Hexanchidae symphyseal tooth x E17  Fig. S7 (P) 
Raja sp. x E1-E8 litoral to neritic Fig. S7 (R) 
Squantinidae indet. x E1-E8 benthic Fig. S7 (T) 
Isurus sp. x E2 pelagic Fig. S7 (L) 
Alopias exigua x E17 pelagic Fig. S7 (K) 
Notorynchus primigenius x E17 deeper water Fig. S7 (Q) 
Carcharias acutissimus x E16 litoral to neritic Fig. S7 (M) 
Drag reduction denticle (OLL) x   Fig. S7 (S) 
Osteichthyes     
Diaphus sp. xxx E17 deeper water Fig. S8 (F) 
Diaphus aff. kokeni xx E17 deeper water Fig. S8 (B, C, b, c) 
Diaphus aff. prisimetallis x E17 deeper water Fig. S8 (A, a) 
Diaphus aff. taaningi x E17 deeper water Fig. S8 (D, d) 
aff. Raniceps aff. coelorinchoides x E17 deeper water Fig. S8 (G, g) 
Cf. Coelorinchus x E17 deeper water Fig. S8 (H, h)  

T. Filek et al.                                                                                                                                                                                                                                     



Palaeogeography, Palaeoclimatology, Palaeoecology 580 (2021) 110527

10

homogeneous character changes into lenticular bedding with lenses of 
fine sand in a silty matrix (Fig. S2). E4 is interrupted by a 20 cm-thick, 
solid marlstone (E5; Fig. 4), which laterally intercalates with glauconitic 
sandstone (Fig. S2). This layer features several mollusc remains (Fig. 4) 
and plant seeds (Fig. S5), as well as trace fossils. Clayey silt with 
lenticular-bedded fine sand continues from 26 to 27 m (E6) in the sec-
tion (Fig. S2), with a high abundance of well-preserved scales of un-
identified bony fishes. The mica content in the lenticular-bedded part is 
very low, and concentrated in the sandy lenses. The lenticular bedding 
disappears in layer E7, the muddy sediment appears more homogeneous 
(Figs. 4, S2). Bedding is only visible due to horizontally arranged yellow 
phosphatic nodules (Fig. S2, compare Fig. 5), which are more frequent 
up section, but appear only as a few cm thick layer in E7 (Fig. 4). 
Fragments of mollusc shells are common. The bedding planes are well 

visible in bed E8 by thin silty interlayers within the clayey sediment (Fig. 
S2). This bed seems quite homogeneous. It is devoid of fossils and fea-
tures only little mica. A solid carbonate layer (E9) follows with a 
thickness of about 20 cm (Fig. 4). This bed features occasional calcar-
eous septarian concretions. Bed E10 is composed of thinly bedded, 
clayey silt with an increasing occurrence of phosphatic nodules (Fig. S2). 
Fish scales are also more frequent. In the following 50 cm calcareous 
concretions frequently occur in the laminated sediment (E11; Fig. S2). 
Granulometric samples are missing from the layer E11 upwards. How-
ever, a similar mean grain size distribution can be expected in the layers 
E12–E19 as the sedimentary facies does not change much. Sorting 
probably increases as layers with lenticular bedding are becoming 
sparse upsection. In bed E12, the silty sediment is thinly bedded and 
features abundant phosphatic nodules, fish scales and traces of agglu-
tinated infaunal foraminifera (Figs. 4, S2; E12). In the uppermost part of 
this layer, phosphatic nodules are common and several small tectonic 
displacements are present (Fig. 4). E13 is a further solid marlstone bed, 
and the overlying bed E14 features sandy silt with lenticular bedding 
and some plant remains (Fig. S2). Bed E14 changes upwards into a 
massively bedded silty sediment, containing abundant plant remains 
and muscovite (Figs. 4, S2). At 34 m, a solid carbonate bed (E15; Fig. 2) 
is present, which is about 20 cm thick, can be traced laterally along the 
whole outcrop (Fig. 3) and can be considered as a marker bed of the 
section. Very large calcareous septarian concretions are common, often 
containing plenty of well-preserved fossils and calcite crystals in their 
centre. From this bed up to 36 m, a thinly bedded section of silty clay 
occurs (E16) with abundant scales of bony fishes, shark teeth, aggluti-
nating foraminifera, and phosphatic nodules (Figs. 4, S2). Bed E17 is 
remarkable as it hosts a layer of well-preserved complete colonies of 
deep-sea corals in horizontal bedding (Fig. S2) and several associated 
bivalve species (Figs. S2, S6). Calcareous septarian concretions and 
wood fragments are also present in this layer (Fig. S1). Bed E17 varies 
laterally between laminated mud and glauconitic sand (Figs. 4, S2). In 
bed E18, the sandy silt shows lenticular bedding with isolated lenses of 
fine sand partially disturbed by bioturbation (Fig. 4). This bed also 
features traces of the foraminifera genus Bathysiphon, as well as plant 
particles. The uppermost bed E19 is typified by more uniform sedi-
mentary fabrics (Fig. S2), consisting of rhythmic thin silty interlayers 
within muddy laminae featuring weathered pyrite, fish scales and traces 
of agglutinated foraminifera. 

4.2. Petrography of phosphatic nodules 

The phosphatic nodules are on average between 1 and 3 cm in size 
and exhibit varying morphologies. These include spherical to sub-
spherical, angular, oval, and tubular shapes. Thin section analyses show 
that the nodules are composed almost entirely of cryptocrystalline 
phosphate (Fig. 5). The typical concretions feature no distinct core 
(Fig. 5A). Some feature accumulations of detrital quartz grains in the 
centre (Fig. 5C). A few exceptions reveal a hollow core in the centre and 
exhibit slight concentric growth rims with a lighter coloured crypto-
crystalline phosphate matrix and a darker brownish rim (Fig. 5B). 
Detrital particles are mainly present as angular quartz grains measuring 
up to 500 μm in size, as well as occasional glauconite, pyrite, and iron 
oxihydroxides (Fig. 5C, D). Detrital and biogenic particles are randomly 
distributed in some nodules (Fig. 5A, B), while in most cases these 
particles have accumulated in the centre (Fig. 5C). Biogenic particles are 
present as shell fragments and planktonic foraminifera, whose carbonate 
shell rims are replaced by cryptocrystalline phosphate (Fig. 5D). Some 
nodules feature disseminated and framboidal pyrite, which partially 
grew within the test of foraminifera (Table 3). The phosphatic concre-
tions are mainly composed of apatite (76 to 89 weight percentwt%), 
with traces of muscovite (1.9 to 8.6 wt%), quartz (3.8 to 7 wt%), 
dolomite (2.8 to 5.7 wt%), and calcite (1.4 to 4.1 wt%). 

Fig. 6. Granulometry. 
Results of the granulometric measurements. Bars represent standard deviation 
of mean grain size; the stratigraphic column represents the sedimentary facies 
of Unterrudling (see Fig. 4 for details) 
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4.3. Trace fossils 

4.3.1. Burrows 
The trace fossil Thalassinoides sp. (Fig. S3A) descends from a discon-

tinuity (LM10) down to 20 cm into LM9 (Fig. 4) and is filled with sand 
that is coarser than the host material. Density of the burrows decreases 
down the discontinuity. Thalassinoides Ehrenberg, 1944 is a crustacean 
burrow common in shallow marine deposits (Frey et al., 1984; Ekdale, 
1992). Another crustacean burrow present is Ophiomorpha isp. (LM11; 
Fig. S3B). Its surface is smooth or covered with large, sparsely and 
irregularly distributed pellets. The wall is preferentially cemented and 
locally ferruginized. Moreover, Ophiomorpha cf. annulata (Książkiewicz, 
1977) appears in the layer LM11 (Fig. S3C) and Ophiomorpha cf. irregu-
laire Frey et al., 1978 in the layer E2 (Fig. S3F). A longitudinal section of 
the latter shows a lumen, a wall, and irregular, drop-like protrusions from 
one side. Ophiomorpha Lundgren, 1891 is a dwelling and feeding burrow 
produced mainly by decapods (Frey et al., 1978). 

Macaronichnus segregatis Clifton and Thompson, 1978 (LM11; Fig. 
S3D) is a feeding trace of polychaetes that segregate grains (e.g., Uch-
man et al., 2016). It occurs in fine- to medium-grained sand and is filled 
with lighter grains than in the surrounding. Locally, it is mantled with 
darker grains. Piscichnus waitemata Gregory, 1991 occurs in layer LM13 
(Fig. S3E). It is a bowl-shaped depression with a circular to oval outline 
and filled with coarser material (very coarse pebbly sand) than the host 
sediment, which is the same as the overlying sand. P. waitemata is a ray 
fish feeding trace (e.g., Uchman et al., 2018).?Teichichnus isp. (E2; Fig. 
S3G) is visible in the vertical section as a single oval structure filled with 
fine sand and surrounded by muddy sand. At the base and at the top it 
shows a few stacked laminae, which are convex down or convex up. 
Teichichnus Seilacher, 1955 is a feeding burrow (Knaust, 2018). Tortu-
ously branched, crowded, ferruginized burrows, about 4 mm in diameter 
are ascribed to Bornichnus tortuosus Bromley and Uchman, 2003, which 
is a polychaete dwelling-feeding burrow (LM7-LM12). Radiating tubes, 
up top 5 mm in diameter, wrapped up at their termination (LM7-LM12), 
belong to Dactyloidites cf. peniculus D’Alessandro and Bromley, 1986, 
which is a feeding burrow of probably polychaete origin (Uchman and 
Pervesler, 2007). 

4.3.2. Wood borings 
Wood borings were found in E1. Club-shaped Teredolites clavatus 

Leymerie, 1842 (Fig. S3H) produced by pholadid bivalves, Apectoichnus 
longissimus Kelly and Bromley, 1984 (Fig. S3H) produced by teredinid 
bivalves or isopods, and A. lignummasticans Melnyk et al., 2020 pro-
duced by isopods were identified. Additionally, one occurrence of 
tongue-shaped Asthenopodichnium isp. was found in E17 (Figs. 6L, S3I). 
One side of the tongue, 7 mm wide and covered with xenoglyphs of 
wood rings, shows a marginal, low ridge. Asthenopodichnium Thenius, 
1979 can be produced by mayflies, wood rotting fungi (Genise et al., 
2012) or gammarids (Uchman et al., 2007; Uchman, 2011). The large 
size and tongue-like shape of the specimen described herein suggest 
mayflies as the producers (cf. Thenius, 1979). 

4.4. Pollen and leaves 

A total number of 30 pollen taxa of 13 families were identified (Figs. 
S4, S5; Table 2) by analysing the phosphatic concretions and host 
sediment, including genera not previously described, from Typhaceae 
(Spaganium), Euphorbicaceae, Fagaceae (Eotrigonobalanopsis, Trig-
onobalanopsis), Platanaceae (Platanus), Sapotaceae (Vitellariopsis-type), 
and Styracaceae (Rehderodendron cf. microcarpum) (Figs. 7I, S5). 

The pollen taxa reported within this work were assigned to their 
current geographical distribution and the Koeppen and Geiger classifi-
cation (Kottek et al., 2006) of climate conditions (Table 2), reflecting 
mostly the Cfa (Humid subtropical), Cfb (Temperate oceanic), and Cwa 
(Monsoon-influenced humid subtropical) climate types. 

Additionally, needles of Pinacae and various Daphnogene taxa were 

recovered from large septarian concretions and host sediment from 
lower and upper parts of the Eferding Formation (Fig. S5; E11, E15). 
These septarian concretions were described by Rupp and Ćorić (2015) 
as dolomite concretions. Through the previous described leaves from 
Kovar-Eder and Berger (1987) and newly found Daphnogene taxa 
(Fig. 7H), the following information emerges using CLAMP (Soysal 
et al., 2017): mean annual temperature (MAT), warm month and cold 
month mean (WMMT and CMMT), enthalpy (ENTHAL), growing season 
(GROWSEAS), growing season precipitation (GSP), precipitation dur-
ing the three consecutive wettest and driest months (3-WET and 3- 
DRY), relative humidity (RH), and specific humidity (SH) (Table 2). 
Additionally, one fruiting body of Mycophyta gen. et sp. indet. was 
collected at E6. It should be emphasised that the exclusive occurrence 
of thick and leathery leaves, as well as wood fragments and the densely- 
walled fruiting body mentioned above, suggests a taphonomic bias of 
the fossil plant remains: only the parts most resistant to water transport 
and decay were preserved within the Eferding Formation. 

4.5. Invertebrates 

4.5.1. Anthozoa 
Within bed E17, the scleractinian corals are confined to an approx. 5 

cm thick lens of about 6–8 m in horizontal extent, which is composed of a 
slightly coarser matrix than the under- and overlying beds. The colonies 
are horizontally bedded, with several colonies stacked upon each other, 
and are preserved entirely apart from internal fracturing owing to 
diagenetic compaction of the sediment. Although surface details and the 
cups with the septa are preserved, the skeleton is very friable, thus 
indicating little or no neomorphism of the aragonitic skeleton. While a 
preliminary study suggests that the species may fall within the morpho-
logical range of variability of the modern deep-sea coral Madrepora 
oculata Linné, 1758 (A. Vertino, pers. comm. 2021), which today lives in 
depth between 200 and 3000 m (Cairns et al., 2009), a detailed analysis 
of the coral is beyond the scope of the present paper. 

4.5.2. Echinodermata 
Samples from the Eferding Formation from beds E17 and E18 yield 

disarticulated spines of unidentifiable cidaroid and spatangoid echi-
noids. Despite the apparent variability of ornamentation of the Eferding 
cidaroid spine fragments only a single taxon of cidaroids could be 
identified which is clearly different from those reported from other 
Cenozoic localities in the Paratethys (compare cidaroid material illus-
trated in Kroh, 2005). The fact that nearly smooth, as well as spines 
ornamented with sharp ridges bearing short thorns are present, is a 
result of variable preservation conditions. Based on the spiral pattern of 
perforations in the inner cylinder (see discussion in Schlüter et al., 
2015), the second type of spines can be attributed to the order 
Spatangoida. 

4.5.3. Bivalves 
There are four bivalve species: gryphaeid Neopycnodonte navicularis 

(Brocchi, 1814), pectinid Delectopecten vitreus (Gmelin, 1791), propea-
mussiid Propeamussium semiradiatum (Mayer, 1861), and limid Ctenoides 
aff. Eximia (Giebel, 1864) (Fig. S6A–J). They all are members of the 
infraclass Pteriomorphia, characterized by calcite shells and an epi-
benthic mode of life (Carter, 1990). All species, except for the free living, 
carnivorous P. semiradiatum where identified from the coral interbed 
(E17). However, only the byssally attaching, suspension feeder C. aff. 
eximia is confined to the coral accumulation. 

Neopycnodonte navicularis (Figs. 7B, S6A–D) is of small to moderate in 
size, with the largest specimens attaining 4 cm in length. Propeamussium 
semiradiatum was photographed directly at the outcrop (Fig. S6E) 
showing fragmented right valve attaining ~25 mm in length with 
around 6 prominent interior ribs reaching up to 3/4 of shell length. 

Delectopecten vitreus specimens (Figs. 7C, S6G–H) are small-sized, 
weakly biconvex, with rounded disc outlines and thin and transparent 
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Fig. 7. Representative fossils of the Eferding Formation. 
Representative fossils from the Eferding Formation at Unterrudling described in this study: (A,a) Diaphus aff. kokeni, right sagittae in inner and ventral view, scale: 1 
mm; (B) Neopycnodonte navicularis left valve, scale: 5 mm; (C) Delectopecten vitreus left valve and right valve, scale: 5 mm; (D) Raja sp., scale: 400 μm; (E) Etmopterus 
sp. lower jaw, scale: 400 μm; (F) Dalatidae indet. upper jaw, scale: 1 mm; (G) Madrepora sp., scale: 10 cm; (H) Daphnogene cinnamomifolia, scale: 1 cm; (I) 
Rehderodendron cf. microcarpum equatorial view, scale: 10 μm; (J–K) Framboidal pyrite (red arrows): (J) in Pinus sp. pollen grain, scale: 10 μm, (K) in echinoid spine, 
scale 20 μm; (L) Asthenopodichnium isp., scale: 5 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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shell-walls. The exterior shell surfaces are smooth, except for thin scally 
riblets present on the right anterior ear and anterodorsal disc margin. 
Very fine incremental lines are observable with few minute nodes on the 
anterodorsal disc area, and Camptonectes-type microsculpture is present 
with long ears, anteriorly separated from the disc. 

Ctenoides aff. eximia (Fig. S6I–J) is the most abundant bivalve in the 
section, and is found exclusively in the coral bed. It has a very thin and 
fragile, weakly convex shell with a height of about 20 mm and a 
rounded, drop shaped outline as feature. It is broadly rounded ventrally 
and truncated dorsally. The posterior ear shows a small depression 
which continues to disc outline. The anterior ear is missing. The surface 
shows up to 73 min slightly undulate and rarely scaly riblets with nar-
row interspaces, divaricating at the central disc axis which is a diag-
nostic feature for this genus (Mikkelsen and Bieler, 1989). 

4.5.4. Foraminifera 
The reevaluation of the analysed faunas of Rupp and Ćorić (2015) 

allowed calculating several palaeoenvironmental parameters for the 
Eferding Formation based on benthic foraminifera. All statistical results 
can be seen in Fig. 8 and the Supplementary Material (Table S1). The 
calculated salinity values vary from 34 to 36 PSU and indicate fully 
marine deposition throughout the whole section. Furthermore, all ana-
lysed samples are dominated by hyaline species (89–100%) that prefer 
muddy sediments as habitat with a general increase in muddy sediment 
dwellers up section (E1–E3: 60–70%, E4–E12: 87–87%, E13–E19: 
89–96%). 

Water depth calculations (Fig. 8D) after Hohenegger (2005) and 
Báldi and Hohenegger (2008) showed three shifts in the section. Sam-
ples from the layers E1–E3 were deposited within 50–60 m depth, the 
interval from sample E4–E12 was slightly deeper with depths of 60–110 
m (deepest E11 and E12). Within this interval a sudden increase of water 
depth was recognized from sample E9–E10 (30 m). The deepest interval 

comprises samples E13–E19 and varies from 90 to 150 m. Thus, a gen-
eral up section deepening can be observed. Water depth calculations 
based on the P/B ratio after Van der Zwaan et al. (1990) gives greater 
water depths for intervals E1–E3 (80–150 m) and E12–E19 (70–340 m), 
whereas the interval E4–E12 gives lower values (40–70 m) than the 
benthic calculations. 

Calculated bottom water temperatures (Fig. 8E) in samples E1–E12 
are rather constant and vary from 9 to 13 ◦C (11 ◦C mean temperature) 
and decrease slightly upsection (E13–E19) varying from 7 to 11 ◦C (9 ◦C 
mean temperature). Results indicated in Fig. 8C suggest comparably 
well oxygenated conditions for the interval E1–E3 with the highest 
amount of oxic indicators in sample E1. Bottom water conditions for the 
interval from E4–E19 can be characterized as sub-oxic (less than 12% 
oxic indicators). The feeding strategies and mode of life of foraminifera 
(Fig. 8A, B) as well as dissolved oxygen categories are shown (Fig. 8C). 
Deposit feeding infaunal species generally dominate the assemblages, 
but within the interval E1–E3 up to 27% of the species lived herbivore 
and 28–35% are epifaunal (vagile) and 20–30% epifaunal (sessile). In-
terval E4–E12 shows a high dominance of deposit feeding (91–96%) 
infaunal (68–87%) species, whereas herbivores and suspension feeders 
account for less than 5%, and epifaunal (vagile) species are represented 
by up to 26% (E11). The interval E13–E19 is also dominated by deposit 
feeders (89–95%) with up to 7% suspension feeders (E15); infaunal 
species are dominant (55–89%) but frequently accompanied by 
epifaunal (vagile) species (up to 21–41% from E14 and E17–19). 

4.6. Vertebrates 

4.6.1. Chondrichthyes 
The elasmobranch teeth of the layer near the coral occurrences 

(E17) reveal a peculiar faunal composition of squalomorph sharks 
identified as Etmopterus sp. (Figs. 7E, S7A–B), Palaeocentroscymnus 

Fig. 8. Foraminifera. 
Ternary diagrams with density map (violet = extremely low abundance, light blue = low abundance, green and yellow = moderate abundance, orange and red =
high abundance) plotting percentages per sample regarding feeding type (A), mode of life (B) and oxygenation (C), light blue stands for samples E1–E3, dark blue 
stands for samples E4–E12 and green for samples E13–E18. Water depth (D - red line) and bottom water temperature (E) are based on the calculation using the 
formula of Hohenegger (2005) and Báldi and Hohenegger (2008). The black line in (D) displays depth values calculated with P/B ratios using the formula of Van der 
Zwaan et al. (1990), the blue line shows the mean average of both water depth calculations. The grey bar in (D) and (E) marks the confidence interval of the 
calculations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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horvathi (Underwood and Schlögl, 2013) (Figs. S7C-D), an undescribed 
dalatiid species (Figs. 7F, S7E-F), and ?Centroselachus sp. (Fig. S7G–H). 
Additionally, to the majority of Squaliformes, scattered teeth of the 
order Hexanchiformes (Heptranchias sp. (Fig. S7N–O) and Notorynchus 
primigenius (Agassiz, 1835) (Fig. S7Q), Echinorhiniformes (Echinorhinus 
schoenfeldi Pfeil, 1983, and Lamniformes (Alopias exigua (Probst, 1879) 
(Fig. S7K)) accompanied the assemblage. Further teeth of various ho-
rizons of the section include a symphyseal tooth of a hexanchid (Fig. 
S7P), Echinorhinus sp. (Fig. S7I), Isurus sp. (Fig. S7L), Carcharias acu-
tissimus (Agassiz, 1843) (Fig. S7M), Raja sp. (Figs. 7D, S7R), and dermal 
denticles of a drag reduction- and squatinid type (Fig. S7S–T). 

4.6.2. Osteichthyes 
The otolith assemblage comprises around 40 otoliths of Diaphus, two 

specimens of Coelorinchus sp., a single specimen of “aff. Raniceps” aff. 
coelorinchoides (Nolf and Brzobohatý, 1994) and several fragments and 
otoliths that are strongly corroded and unidentifiable. Among all Diaphus 
otoliths, only six were relatively well preserved (Figs. 7Aa, S8Aa–Ee). 
They were tentatively assigned at species level because each species was 
represented by only one or few otoliths, thus preventing an assessment of 
their intra- and interspecific variability. The remainder of the Diaphus 
otoliths was corroded and not identifiable (Fig. S8F). 

Diaphus cf. cahuzaci Steurbaut is characterized by a relatively round 
shape, a relatively short rostrum, clear excisura and small antirostrum 
(Fig. S8E). In ventral view it is visible that the outer face is evenly convex 
and slightly thinning anteriorly (Fig. S8e). This otolith corresponds well 
to the drawings of Diaphus cahuzaci in Brzobohatý and Nolf (2000: pl. 5, 
figs. 1–6). Diaphus aff. kokeni (Prochazka) is the only species that is 
represented by more than one otolith in the material at hand (totally 
three otoliths, two shown on Fig. S8Bb–Cc). These otoliths correspond 
relatively well to the similarly-sized otoliths of D. kokeni depicted in 
Brzobohatý and Nolf (2000: pl. 2, figs. 1–6). They differ in their more 
rounded shape and an only finely undulating ventral margin (vs. clearly 
serrated ventral margin in D. kokeni). Diaphus aff. pristimetallis Nolf and 
Brzobohatý has a somewhat similar overall shape (Fig. S8A) and also a 
similar contour in ventral view (Fig. S8a) as seen in D. pristimetallis (see 
Nolf and Brzobohatý, 1994: pl. 4, figs. 9–14). However, it does not 
display the almost semi-circular ventral rim with multiple serrations 
that is typical for D. pristimetallis. Diaphus aff. taaningi Norman has an 
overall shape that conforms relatively well to the otoliths of D. taaningi 
shown in previous works (Brzobohatý and Nolf, 2000: pl. 2, figs. 7–12; 
Schwarzhans, 2013: pl. 4, figs. 7–15). The present otolith differs from 
D. taaningi as its ventral rim is only finely undulating (vs. clearly serrated 
in D. taaningi). “aff. Raniceps” aff. coelorinchoides is similar to the 
drawings of genus “aff. Raniceps” coelorinchoides in Nolf and Brzobohatý 
(1994: pl. 8, figs. 1–6) (see also Nolf, 2013: pl. 122), but its dorsal 
margin is clearly more elevated resulting in a high-triangular shape (vs. 
longish-triangular in “aff. Raniceps” aff. coelorinchoides). 

Coelorinchus sp. (Fig. S8Hh) reveals an overall shape and sulcus 
similar to otoliths of Coelorinchus, but the outer face is almost smooth, in 
contrast to the ornamented face with lobes and bulges in typical 
Coelorinchus. 

Most of the otoliths display strong corrosion or signs of etching and 
many otolith fragments are present. It is remarkable that several otoliths 
show well preserved outer faces, but strongly corroded inner faces, or 
vice versa. An example shown on Fig. S8G is the otolith of “aff. Raniceps” 
coelorinchoides: its outer face does not show any signs of corrosion (Fig. 
S8g), while the inner face is porous and overgrown by black, possibly 
phosphatic material (Fig. S8G). 

5. Discussion 

5.1. Biostratigraphy and palaeobiogeography 

The new findings of bivalves, chondrichthyes teeth and otoliths 
from the Eferding Formation at Unterrudling provide a biostratigraphic 

frame (Fig. 2) and a better understanding of the palaeobiogeography of 
the NAFB. 

The bivalve Neopycnodonte navicularis is the oldest record of this 
species previously thought to be confined to the Neogene (Mandic et al., 
2020). The oldest occurrence of the genus is documented in the lower-
most Oligocene of the North Sea Basin (Marquet et al., 2012). In the 
Central Paratethys, N. navicularis is common in the middle Miocene, in 
particular in the middle–upper Badenian deep-water sediments (Mandic 
et al., 2019a, 2019b). Propeamussium semiradiatum was already docu-
mented from the Eferding Formation of Unterrudling as Propeamussium 
(P.) sp by Schultz (2001). P. semiradiatum, originally described from the 
lower Oligocene of Häring in Tyrol (Löffler, 1999), was distributed 
throughout the Paratethys, found in related strata of the northern 
Hungary (Báldi, 1986), northern Bulgaria (Karagiuleva, 1964), and the 
southern Russia (Korobkov, 1939). Aside from the study site, its upper 
Oligocene record includes only central Slovenia, where P. mojsisovici 
(Bittner, 1884), originally described from the Govce Fm (Kuščer, 1967), 
represents its younger synonym (Báldi, 1986; this study). The collected 
Delectopecten specimens are highly similar with specimens living today 
off Iceland described by Dijkstra et al. (2009). Even the young adult 
specimen from Unterrudling (Fig. S6F) with increased ear height and a 
slightly coarser microsculpture corresponds well with the phenotypic 
variation documented by the latter study. This is the oldest known re-
cord of the species, and except for a questionable record from the upper 
lower Miocene of northern Italy reported by Sacco (1897), its strati-
graphically oldest record by previous studies was from the middle 
Miocene of Central Paratethys (Studencka et al., 1998; Studencka, 
2015). The oldest confident records from the Mediterranean (Ceregato 
et al., 2007) and the North Sea Basin (Marquet, 2002) date to the Plio-
cene. The last identified genus Ctenoides originated in the middle Eocene 
of the Paris Basin by C. distropha (Deshayes, 1860). In the early Oligo-
cene it was present with C. eximia in the North Sea Basin (Koenen, 1883), 
proto-Mediterranean (Sacco, 1898), and eastern proto-Paratethys 
(Popov et al., 1993). Mikkelsen and Bieler (1989) demonstrated that 
Ctenoides have a highly variable outline and rib numbers, differing 
mostly by microsculptural features. Considering their stratigraphic dif-
ference, the found specimens presumably represent a different species. 
The comparison to the European Neogene record is not possible at the 
moment as stated above, yet the Miocene specimens appear distinctly 
larger (>3 cm height) (Sacco, 1898). 

In addition, considering the palaeobiogeography and the stratigraphic 
occurrence of the most significant and newly described chondrichthyes 
species of the Eferding Formation, teeth of Palaeocentroscymnus horvathi 
were previously only documented from Miocene sediments (Pollerspöck 
et al., 2018) and are particularly common in sediments of the Ebelsberg 
Formation (upper Egerian, Aquitanian, lower Miocene). The undescribed 
dalatiid species has only been found in the Ebelsberg Formation of Wal-
lern (Upper Austria, own data) so far and awaits description. Teeth of the 
genus Etmopterus are general rare within the fossil record and limited to a 
few localities, e.g., in France (Ledoux, 1972), Switzerland (Bolliger et al., 
1995), Germany (Pollerspöck and Straube, 2017), Austria (Pollerspöck 
et al., 2018; Pollerspöck et al., 2020), and Slovakia (Underwood and 
Schlögl, 2013). None of the other known Oligocene faunas of the NAFB, e. 
g., Thalberg Beds (Reinecke et al., 2014), Schöneck Fm. (formerly “Fish 
Shale”, Pfeil, 1981) or Miocene faunas of the upper Egerian Ebelsberg 
Formation, e.g., at Graben and Traunpucking (Pollerspöck et al., 2018) 
possess a similar domination of squalomorph sharks. In addition to the 
newly recorded squalomorphs, teeth of the lamniform Alopias exigua were 
to date unknown from the Oligocene deposits of the Eferding Formation 
(Schultz, 2001) but reported from equivalent sediments of the Thalberg-
graben in Germany (Reinecke et al., 2014). 

For the findings of teleost remains the type of corrosion indicates that 
an etching process happened in situ at the location where the otoliths 
were embedded. If the corrosion would be related to transport, both 
sides of the otolith should be affected. Otoliths from Oligocene marine 
deposits of the Central Paratethys have previously been described from 
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the Eger Formation and the underlying Kiscell Formation near Eger 
(Hungary, Central Paratethys; Nolf and Brzobohatý, 1994). Both for-
mations revealed a diverse marine fish fauna, pointing to an open ma-
rine, deep water environment. Moreover, the species composition was 
clearly different in each of the formations, with only three mutual spe-
cies (Nolf and Brzobohatý, 1994). 

In the Kiscell Formation, Myctophidae were represented with Dia-
phus pristimetallis (Nolf and Brzobohatý, 1994), which was the third most 
abundant species of the respective otolith assemblage (Nolf and Brzo-
bohatý, 1994: table 1). A species that could be related to D. pristimetallis 
occurs in the material excavated from the layer near the coral-rich ho-
rizon (E17), but only a single otolith is present. Also, in the Eger For-
mation near Eger, Myctophids occurred in considerable numbers (about 
50 otoliths); they were left in open nomenclature as Diaphus sp. by Nolf 
and Brzobohatý (1994). Two of those Diaphus sp. otoliths were illus-
trated (see Nolf and Brzobohatý , 1994: pl. 7, figs. 4–5); they differ in 
their very well-rounded dorsal margin from the here present Diaphus, 
which possesses a relatively flat dorsal margin. For a further comparison 
with the Diaphus otoliths from the Eger Formation near Eger, it would be 
necessary to inspect the entire material summarized as Diaphus sp. in 
Nolf and Brzobohatý (1994). From the early Miocene (Aquitanian), 
three nominal species of Diaphus have been reported in Brzobohatý and 
Nolf (2000), namely D. cahuzaci (Steurbaut, 1979), D. regani (Tåning, 
1932) and D. haereticus (Brzobohatý and Schultz, 1978). Among those, 
only D. cahuzaci might be present in the material at hand. The other two 
species recognized in the material from the layer are similar to 
D. taaningi and D. kokeni, which have previously been described from the 
Burdigalian and Langhian (see Brzobohatý and Nolf, 2000). 

In summary, the Diaphus species assemblage from the quarry seems 
to be different from previously reported Diaphus assemblages from the 
Oligocene or early Miocene. However, for an exact time allocation only 
an absolute dating can provide information on the age of the Eferding 
Formation. 

5.2. Palaeoenvironment 

5.2.1. Depositional environment 
The facies of the Linz-Melk Formation at Unterrudling is character-

ized by a well-sorted sand, mainly composed of quartz and feldspar 
(Fig. 6). Gravel layers with a fining upwards tendency are intercalated 
periodically. The trace fossil Macaronichnus, which is often responsible 
for the obliteration of sedimentary structures (Pemberton et al., 2012), is 
very abundant. Thick units of reworked sand with Macaronichnus seg-
regatis occur in well‑oxygenated marine sediments of the upper fore-
shore environment (Pemberton et al., 2001; Bromley et al., 2009; 
Uchman et al., 2016). Consequently, only relics of sedimentary features 
are visible in a few beds (LM3, LM12, LM16, LM18) (Fig. 4), indicating 
large-scale cross-bedded submarine sandwaves. Similar nearshore facies 
of the Linz-Melk Formation were discussed in Roetzel et al. (1983) in the 
area between Krems and Melk and were interpreted as breakerzone 
deposits. In addition, large-scale cross-bedded sections, which are 
affected by bioturbation occur in the Linz-Melk Formation (Krenmayr 
and Roetzel, 2000a, 2000b) and were interpreted as submarine sand-
waves in nearshore and shelf areas produced by high current velocities 
(Kulm et al., 1975). Such mega-scale bed forms also exist in the Molasse 
Basin of France (Kalifi et al., 2020) and are globally common in shelf 
environments (Bradshaw et al., 1991). Consequently, the observed 
sandwaves in Unterrudling are interpreted as deposited in foreshore to 
shoreface environments. This facies of the Linz-Melk Formation is 
comparable to high energy deposits described beneath the low water 
line by Freeman and Visher (1975). Waterdepths of 2 to 6 m can be 
expected (Reinecke and Singh, 1980). 

The gravel layers interrupt normal sedimentation. Erosional surfaces 
at the base are common and are genetically different from the homo-
geneous medium to coarse grained sands described above. Observations 
along the North Sea coast suggest that gravel interlayers represent 

proximal deposits of storm events (Aigner and Reineck, 1982; Antia 
et al., 1994). A fining upwards trend, following the coarse-grained 
sedimentation and the re-establishment of benthic communities, indi-
cated by trace fossils is typical for tempestites (Hunter and Clifton, 
1982). Coarse sediments could have also been deposited in the basin by 
adjacent estuaries (Roetzel et al., 1983; Harzhauser and Mandic, 2001), 
inferring a riverine or deltaic depositional environment (Gingras et al., 
2012). However, massive conglomerates, incised channels and brackish 
faunal communities are missing in Unterrudling, which would be ex-
pected in these environments (Gingras et al., 2012; Kalifi et al., 2020). 
Consequently, the high amount of sandy material in the Linz-Melk 
Formation and tempestite layers are indicative of a wave dominated 
shoreline (Swift et al., 1986; Anthony and Orford, 2002), strongly 
influenced by periodic storm events (Lin and Bhattacharya, 2020). The 
trace fossil Ophiomorpha in the bed LM11 indicates shallow marine 
conditions, as it is most abundant in the lower foreshore – upper 
shoreface zone (Frey et al., 1978, 1984; Pemberton et al., 2001). On the 
other hand, several specimens were identified related to the species 
Ophiomorpha annulata which is mostly known from deep-sea deposits 
(Uchman, 1998, 2001). Anyhow, the specimens found herein are larger 
and morphologically more similar to specimens described from Creta-
ceous shelf deposits (Howard and Frey, 1984; Frey and Howard, 1985). 
Consequently, those traces are described herein as O. cf. annulata and 
correlated to a shelf environment. Piscichnus waitemata (LM13, LM19) is 
interpreted as ray-fish feeding trace, it occurs mostly in the intertidal 
zone up to the fair-weather wave base (Uchman et al., 2018). Thalassi-
noides occurs in the bed LM9, it is common in deposits of variable, 
presumably shallow marine environments (Frey et al., 1984; Mángano 
and Buatois, 1991; Pemberton et al., 2001). It is produced mostly by 
scavenging and deposit-feeding crustaceans (Ekdale, 1992; Bromley, 
1996; Schlirf, 2000). Bornichnus tortuosus originally described from tidal 
flat deposits (Bromley and Uchman, 2003) can occur also from shoreface 
to slope settings (Knaust, 2017). Dactyloidites peniculus, represented by 
D. cf. peniculus from the Linz-Melk Formation occurs typically in 
shoreface environments (Uchman and Pervesler, 2007). Other trace 
fossils (Ophiomorpha, Thalassinoides, Piscichnus, Dactyloidites, Bornich-
nus) can be ascribed with some caution to the impoverished proximal 
Cruziana ichnofacies, which is typical of the lower shoreface (Pemberton 
et al., 2001). 

The mixed muddy-sandy and highly bioturbated lower part of the 
Eferding Formation (E2), rich in glauconite and pyrite, is similar to the 
sedimentary facies deposited in the transition zone of the inner shelf and 
foreshore in open oceanic conditions (Kulm et al., 1975; Reinecke and 
Singh, 1980). In open oceanic settings water depths of 8 to 30 m are 
typical for this zone (Nummedal et al., 2001). In contrast, the forami-
nifera data and depth indication of bivalves infers a slightly deeper 
environment. With increasing water depth in this zone, the wave energy 
is decreasing and the suspended terrigenous and pelitic material settles 
down (Longhitano, 2008; Schäfer, 2020). On the other hand, sandy 
material is washed in by currents and storms (Kulm et al., 1975). Bio-
turbation of the sandy material and intermixing with the predominantly 
muddy sediment sets in after storms calm down (Kulm et al., 1975; 
Schäfer, 2020). This fine-grained material (Fig. 6) produces the dark 
muddy matrix and the poor sorting, which typifies the Eferding For-
mation (Roetzel et al., 1983). In the lower part of the Eferding Formation 
a still quite shallow environment is indicated, but as Teredolites clavatus 
is produced by teredinid bivalves, which bore into wood, nut shells, 
peats and amber (Kelly and Bromley, 1984; Mayoral et al., 2020) and is 
common in shallow-marine transgressive deposits (Savrda et al., 1993). 
The trace fossil Teichichnus found in the bed E2 is a typical feeding 
structure in several marine facies, common in calmer, lagoonal envi-
ronments (Knaust, 2018). 

The muddy deposits from the layer E3 upwards, with lenticular 
bedding and lamination indicate decreasing current velocities, which is 
best interpreted as an environment beneath the storm wave base 
(Reinecke and Singh, 1980), where sedimentation rates are low and fine 
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material dominates (Schäfer, 2020). This facies indicates a greater dis-
tance to the coast (Fig. 1B) and water depths ranging from 130 to more 
than 200 m (Reinecke and Singh, 1980; Schäfer, 2020). However, 
following the calculations from the foraminifera water depths of 50 to 
130 m are expected in these layers. The silty lenticular bedding also 
reveals input from proximal regions by storm events or tidal currents 
(Aigner and Reineck, 1982; Bradshaw et al., 1991). According to Kulm 
et al. (1975) fine sand and silt is held in suspension in a mid-water layer 
and can thereby be transported far onto the shelf. The rather restricted 
palaeogeographic conditions in the NAFB are often difficult to compare 
to open oceans and large shelf areas in terms of sedimentation. Conse-
quently, it is beneficial to use ecological preferences of faunal elements 
for detailed bathymetric reconstruction. For instance, the foraminiferal 
assemblages and shark species clearly show a shelf environment for the 
Eferding Formation (Rupp and Ćorić, 2015; Feichtinger et al., 2019a). 
The uppermost part of the Unterrudling section is dominated by a 
rhythmic lamination of clay, silty interlayers are absent. These bedding 
types indicate ongoing deepening and less turbulent conditions. In to-
day’s oceans laminated muddy sediment occurs on the outer shelf, close 
to the shelf break, where density layering is dominant (Schäfer, 2020). A 
deeper depositional environment can be excluded, as the carbonate 
content is very high and typical slope or deep-sea sediments, such as 
turbidites and oozes, are absent (Veeken, 2007). The rather homoge-
neous appearance of the sediment is only disturbed by large (>1 m) 
calcareous concretions and marlstone beds (Fig. S2). These concretions 
are generally very common in the Eferding Formation (Rupp and Ćorić, 
2015) and in equivalent Oligocene deposits of the NAFB (Roetzel et a., 
1983). Large calcareous concretions of various shapes and sizes are 
common throughout the Phanerozoic (Coleman, 1993; Coleman and 
Raiswell, 1995; Seilacher, 2001). They are most common in sandstones 
and mudstones where they protrude from host deposits, which are 
usually softer and less well cemented than the concretions themselves 
(Marshall and Pirrie, 2013). The concretions from the Eferding Forma-
tion are likely formed as an early diagenetic product after sedimentation 
of the fine-grained muds (Selles-Martinez, 1996; Seilacher, 2001). Evi-
dence for an early diagenetic formation of the calcareous concretions 
from the Eferding Formation comes from the exceptionally well- 
preserved fossils, such as plant fossils (Roetzel et al., 1983; Kovar-Eder 
and Berger, 1987). Moreover, continued concretion growth requires a 
constant influx of solutes towards the locus of carbonate precipitation 
(Raiswell and Fisher, 2004; Mozley and Davis, 2005). Concretions from 
the Eferding Formation most likely started to form shortly after sediment 
deposition, triggered by constant flux of saturated pore waters and mi-
crobial degradation of organic matter within the sediments. 

5.2.2. Terrestrial environment and climate 
The assemblage of the encountered pollen taxa is similar to the mi-

crofloras described previously by Klaus (1971) and Hochuli (1978) from 
the middle and upper layers of the Eferding Formation. The new results 
of this study corroborate the hypothesis of Klaus (1971), Hochuli 
(1978), Kovar-Eder and Berger (1987), and Utescher et al. (2020) in 
which the surrounding area was most likely covered by an evergreen 
and deciduous mixed forest composed of woody and herbaceous gym-
nosperms (e.g., Ephedra, Pinus, Picea, Cathaya, Tsuga cf. diversifolia) and 
angiosperms (e.g., Trigonobalanopsis, Quercus, Betula, Carpinus, Engel-
hardia) during the late Oligocene. However, the recent discoveries allow 
a deeper insight into the prevailing conditions. Surrounding areas with a 
mid to high altitude can be assumed based on the findings of the gym-
nosperms Tsuga, Abies, Picea, and Cathaya (Jiménez-Moreno et al., 
2008). In addition, the pollen from Eotrigonobalanopsis sp. and Fagus sp. 
are also an important indicator for prevailing mixed mesophytic forests 
of the Paleogene in Europe (Denk et al., 2012; Özer et al., 2017). On the 
other hand, Sparganium sp., as a representative of the aquatic, marsh, 
and swamp plant family Typhaceae indicates a proximity to freshwater. 
Sparganium are commonly found in temperate and tropical regions of the 
world (IPNI, 2020; Soysal et al., 2017). Since there is no other taxon 

indicative of such an environment throughout the profile, it is assumed 
that storm events washed these types of pollen grains, leaves, and other 
plant materials into the depositional site. Such freshwater environments 
with coastal brackish settings developed at that time along the western 
coast in Bavaria (Lower Freshwater Molasse), in the Gallneukirchen 
Basin and south of the Horn Basin (Doppler et al., 1996; Nehyba and 
Roetzel, 2010). The genus Rehderodendron is a genus with a restricted 
recent distribution in Asia (China, Vietnam and Myanmar; IPNI, 2020) 
comprising five species of small deciduous trees (Fritsch et al., 2001). 
The fossil pollen taxon found within the Eferding Formation is most 
similar to pollen of the extant Rehderodendron cf. microcarpum, which 
thrives in a warm temperate humid climate with dry winters and hot to 
warm summers (Cfa, Cwb after Kottek et al., 2006). The Vitellariopsis- 
type pollen (Sapotaceae) and Oleaceae pollen (cf. Fraxinus and Phil-
lyrea), also indicate a warmer climate since their modern equivalents 
occur in warm-temperate to tropical zones of Eurasia and Africa (IPNI, 
2020). Woody semi shrubs, shrubs, and trees of the family Euphorbia-
ceae are found in the subtropics and tropics as well, while the herba-
ceous plants of this family occur worldwide in temperate to tropical 
zones (POWO, 2019). 

The CLAMP analysis of the fossil leaves described by Kovar-Eder and 
Berger (1987) are gymnosperms, such as Pinaceae, and angiosperms, 
such as Dicotylophyllum, Myrica lignitum, aff. Quercus sprengeli, Platanus 
neptuni, Lauraceae gen. et sp. indet, and Daphnogene, together with our 
newly found specimens of Daphnogene sp., and Mycophyta gen. et. sp. 
indet (Fig. S5H–K). This suggests that the area was surrounded by a 
mixed forest with an annual mean temperature (MAT) of 15–22 ◦C (20.6 
◦C mean temperature) and a mean precipitation (GSP) of 150–250 mm 
(169.3 mm). These results are similar to conditions found in South-East 
Asia today (Cfa, Cfb, Cwb, Cwa; after Kottek et al., 2006). The calculated 
continental climate during the Oligocene corresponds with the global 
developments in Europe and fits with higher temperatures of the latest 
Chattian (Zachos et al., 2001a, 2001b; Mosbrugger et al., 2005). Pre-
cipitation was quite high throughout the Oligocene with mean annual 
values of 1500 mm (Mosbrugger et al., 2005). Noteworthy is the rising 
seasonality with an annual variation of 20 ◦C since the closure of the 
Tethys Ocean and the concomitant subsidence of the NAFB. However, it 
should be emphasised that the leaves mentioned are all thick, leathery 
and robust, thus this selection was probably taphonomically biased. 
Nevertheless, the distribution of today’s relatives of the newly identified 
genera (Spaganium, Eotrigonobalanopsis, Platanus, Vitellariopsis and 
Rehderodendron cf. microcarpum.) suggests climatic conditions and a 
floral composition similar to other Oligocene sites (cf. Özer et al., 2017; 
Utescher et al., 2020) and makes an attribution of the Eferding Forma-
tion to the upper Oligocene/lower Miocene most likely. 

5.2.3. Phosphogenesis and eutrophication 
Today, phosphogenesis is a common process in upwelling regions, 

where it is observed close to the sediment-water interface in suboxic to 
anoxic sediments (Föllmi, 1996). In the present case, phosphogenesis is 
manifested by the formation of small phosphatic nodules. The phos-
phatic precipitates from layers E7, E10, E12, and E16 are addressed as 
nodules herein due to their variety of irregular shapes and small size, yet 
their occurrence and relation to the host sediments are similar to those 
of larger phosphatic concretions (Scasso and Castro, 1999). Phosphatic 
nodules, albeit less common in the geologic record than carbonate 
nodules and concretions, have been reported by numerous studies and 
typically form as in situ precipitates during early diagenesis (Scasso and 
Castro, 1999; Fazio et al., 2007; Hall and Savdra, 2008). Such nodules 
require very specific environments for growth. Phosphorus concentra-
tions in the oceans are very low, and its high mobility in marine sedi-
ments allows it to accumulate only under specific conditions (Glenn 
et al., 1994; Föllmi, 1996). Eutrophic conditions as suggested by the 
undisturbed sedimentation, with only little bioturbation and high 
organic carbon content in the Eferding Formation would have provided 
ideal conditions for phosphorus accumulation in pore waters, where 
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organic matter is the main source of phosphorus (cf. Arning et al., 2009). 
Organic remains in the form of fish debris and plant debris are abundant, 
often accompanied by mica-rich sandy sediment. This lithology occurs 
in particular in those layers that feature phosphatic nodules. Such de-
posits of mobilized terrestrial debris are often observed after storm 
events (West et al., 2011), when coastal sediments are reworked 
(Goodwin et al., 2020). The wood fragment found in the Layer E17 even 
shows the boring Asthenopodichnium isp. (Fig. S3), which is a fresh-water 
boring produced in wood by mayflies (Thenius, 1979). Therefore, it can 
be assumed that reworking of terrestrial sediments and coastal runoff of 
organic-rich material into the nearshore marine environment was high. 
Probably, logs infested by mayflies were transported to the sea by rivers, 
and the borings were filled with sand and preserved as casts after 
deposition and coalification. Inundation of forested coastal plains is 
expected in transgressive conditions. Furthermore, the layers E5, E9, 
E11, E13, E15, E17 often feature lithified areas of glauconitic sandstone 
or marlstone beds. Glauconite is often correlated with transgressive 
phases, where its formation is facilitated, among other factors, by the 
decay of organic matter related to microbial sulphate reduction (McRae, 
1972; Baldermann et al., 2013). Microbial activity is important in 
liberating phosphorus from organic matter in suboxic to anoxic condi-
tions (Benitez-Nelson, 2000). The low oxygen concentrations in bottom 
waters of the Eferding Formation, as suggested by the distribution of 
foraminifera and shark species, would have favoured organic matter 
preservation, phosphorus delivery to sediments, and the possible pro-
liferation of anaerobic microbial communities. Although sulphide- 
oxidizing bacteria are key agents of phosphorite formation in upwell-
ing zones today (Schulz and Schulz, 2005; Goldhammer et al., 2010), 
there is no evidence for sulphide oxidation in the phosphatic nodules or 
the host sediments such as body fossil remains of Beggiatoacea. Without 
such evidence, only the occurrence of framboidal pyrite within the 
nodules (Fig. 5D) may suggest a dependence of phosphogenesis on the 
sulphur cycle, with microbial sulphate reduction as a catalyst for liber-
ating phosphorus from sedimentary organic matter (Alsenz et al., 2015). 

Phosphogenesis is intimately linked to the sedimentary sulphur 
cycle, where the interaction of bacterial sulphide oxidation and sulphate 
reduction have been shown to promote the precipitation of phosphate 
minerals in marine, organic matter-rich sediments (Arning et al., 2009). 
Organoclastic sulphate reduction is a ubiquitous process in modern 
marine sediments, capable of accumulating phosphorus and precipi-
tating phosphorite minerals such as apatite (Van Cappellen and Berner, 
1991; Berndmeyer et al., 2012). The presence of dolomite in the phos-
phatic nodules agrees with an early diagenetic environment typified by 
pronounced microbial sulphate reduction (cf. Vasconcelos et al., 1995). 
Interestingly, beds of early diagenetic dolomite occur in the Miocene 
Monterey Formation (USA), which is also known for its abundant 
phosphorites (Hoffmann-Sell et al., 2011). The low sedimentation rates 
of terrigenous material for the shelf environment above layer E3, as 
suggested by fine-grained, muddy deposits, would have also favoured 
the accumulation of phosphorus on a high-productivity shallow marine 
shelf (Filippelli, 2011). It is therefore feasible that sulphate-reducing 
bacteria degraded the preserved organic matter, liberated phosphorus 
to solution, and enabled the formation of phosphatic nodules and the 
precipitation of pyrite in the Eferding Formation. In addition, the pollen 
grains extracted from the phosphatic nodules show both internal resi-
dues of authigenic pyrite and traces of bacteria on external sculptures 
(compare Fig. 7J, K). 

Whether eutrophication in the photic zone, which enabled the for-
mation of phosphatic nodules, was caused by upwelling, by organic 
carbon input from coastal runoff, or a combination of both is a matter of 
discussion. Nutrient-rich waters are common in oceanic basins with a 
positive water balance, where evaporation is compensated by freshwater 
input and humid climate, which are both confirmed for the NAFB during 
the Egerian (Pippèrr, 2011). Coastal discharge and efficient input of 
nutrients would have stimulated primary productivity and the drawdown 
of oxygen in the shallow nearshore shelf environment (Rosenberg et al., 

1990). Therefore, high primary productivity and eutrophic conditions are 
not necessarily caused by upwelling (Pippèrr and Reichenbacher, 2010). 
However, in the NAFB, eutrophic conditions in an upwelling regime have 
been suggested for different formations (Roetzel et al., 2006; Grunert 
et al., 2010a, 2010b). On the other hand, these upwelling-related de-
posits are typically accompanied by blooms of siliceous organisms 
(Roetzel et al., 2006; Grunert et al., 2010a, 2010b), which are not present 
in Unterrudling. Additionally, the mountainous regions surrounding the 
Paratethys at the time (Alps, Bohemian Massif, Carpathians) would have 
functioned as wind barriers, causing cold, nutrient rich water from the 
deep to rise to shallower depths (Kovác et al., 2017). Upwelling condi-
tions have been shown to evolve even during storm events (Swift et al., 
1986). The sedimentological interpretation and the ecological data of the 
foraminifera assemblages clearly show strong wave action and storm 
events along the coast. Therefore, the eutrophic conditions in Unterru-
dling may have been caused by conditions similar to upwelling, yet the 
strong coastal discharge of organic matter appears to have been the major 
cause for eutrophication. Phosphogenesis in the Eferding Formation may 
be linked to numerous coeval phases of phosphogenesis, related to global 
carbon-cycle dynamics between the late Oligocene warming and the 
middle Miocene so-called Monterey Event (Auer et al., 2016 and refer-
ences therein). The organic-rich deposits from Unterrudling may repre-
sent a beginning pulse of enhanced productivity in the late Oligocene, 
leading up to the middle Miocene greenhouse, followed in turn by the 
middle Miocene climate transition and the extant icehouse conditions (cf. 
Zachos et al., 2001b). 

5.3. Palaeoecology 

By combining the palaeontological and sedimentological results, a 
deeper insight into the marine conditions and oceanic zonation is 
possible. The Eferding Formation in Unterrudling yielded a rich and 
diverse fossil fauna, which reveals that a transgression from the Linz- 
Melk Formation to the upper part of the Eferding Formation took 
place. The granulometric data (Fig. 6) demonstrate a fining upwards 
sequence throughout the whole section, which is indicating a rising sea 
level. As mentioned above, the assemblage of foraminifera throughout 
the Eferding Formation amplifies a deepening trend throughout the 
section from middle to outer neritic/uppermost bathyal settings. A 
distinct difference between water depth calculations using benthic 
foraminifera and the P/B ratio could be observed. On the one hand, 
calculations using P/B ratios work well in the open ocean (e.g., Kou-
wenhoven and Van der Zwaan, 2006) but tend to show large offsets due 
to restricted conditions in marginal areas (see Pippèrr, 2011 and Kran-
ner et al., 2021). On the other hand, calculations based on benthic 
foraminifera could lead to a slight underestimation of water depth due to 
allochthonous faunal elements (as interpreted by Rupp and Ćorić, 
2015). To take in account both calculations and their differences, both 
are illustrated in Fig. 8. The calculations using only benthic foraminifers 
indicate middle neritic settings for sample E1–E3 (40–60 m), slightly 
deeper conditions for E4–E12 still within the middle to outer neritic 
(60–110 m) and deep middle neritic to outer neritic conditions (90–150 
m) for samples E13–E18. Calculations using the P/B ratio indicate 
deeper conditions for sample E1–E3 (80–150 m) and a shallowing within 
the samples E4–E12 (40–60 m) contradict the calculations using the 
transfer equation (Eq. 1). The interval of samples E13–E18 correlate to 
the deepening indicated by Eq. 1 but indicates deeper outer neritic to 
bathyal conditions (100–340 m).Nevertheless, taking in account the 
benthic and P/B ratio results supports a general deepening trend up 
section with minor fluctuations within the middle part (E4–E12). Also, 
the benthic foraminifera indicate a strong decrease in bottom water 
oxygenation from low oxic within section E1–E3 (mean values of 39% 
oxic, 37% suboxic and 24% dysoxic indicators) to sub-dysoxic in section 
E4–E12 (mean values of 46% suboxic accompanied by 44% of dysoxic 
indicators) and a slight shift to more suboxic conditions in E13–E18 
(71% suboxic and 20% dysoxic indicators; Fig. 8C). These general low 
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oxic conditions within E4–E18 further promote abundances of infaunal 
foraminifera (77%; Fig. 8B) with a detritivore lifestyle (93%; Fig. 8A). 
Within samples E1–E3 the fauna is still dominated by detritivore (63%) 
infauna (45%) species but the high number of epifaunal sessile (24%) 
and suspension feeding species (20%, Fig. 8) can point to increased 
bottom current movements (Grunert et al., 2010a, 2010b). Lenticular 
bedding in the Eferding Formation and the coarse sediment at the base, 
as well as the washed in plant material supports at least periodically 
higher current velocities. Furthermore, the time equivalent Linz-Melk 
Formation is clearly showing signs of storm events. The reconstructed 
bottom water temperature is rather constant throughout the section 
with a mean of 10 ◦C. Considering the deepening throughout the section, 
the variation from mean 11 ◦C (E1–E12) to 9 ◦C (E13–E18) is rather 
small but might still reflect the deepening trend. Moreover, the observed 
decreasing water temperature throughout the section (Fig. 8) correlates 
with the global isotope curve from Zachos et al. (2001a, 2001b) (Fig. 2). 
Consequently, the decreasing bottom water temperature either reflect 
the distinct deepening or the global signal of the late Oligocene cooling 
phase is indicated in Unterrudling. Combining all indications and cal-
culations of foraminifera leads to fully marine (34–36 PSU) relatively 
cool, sub-dysoxic, middle neritic to uppermost bathyal conditions with 
high nutrient input. 

Furthermore, the findings of echinoids and bivalves in the Eferding 
Formation allow also a deeper insight into oceanic zonations and con-
ditions. The fossil echinoid fauna within the Eferding Formation (Ta-
bles 1, 3) is typically found in fossil and modern sublittoral to deep water 
habitats (compare Kroh, 2005; Schlüter et al., 2015). The bivalves of the 
Eferding Formation (Table 1, Fig. S6), found in two different horizons, 
allows a closer insight to their depositional environment and sedimen-
tary processes. The bivalve assemblage of bed E17, associated with cold- 
water corals, comprises Neopycnodonte navicularis, Delectopecten vitreus, 
and Ctenoides aff. eximia. Yet, Ctenoides is a cosmopolitan thermophilic 
genus restricted today to the peri-equatorial belt of Atlantic and Indo- 
Pacific domains. Caribbean C. mitis, very similar to the species studied 
herein, is a shallow-water dweller at maximum depth of about 50 m, 
although empty shells have been found down to 500 m water depths 
(Mikkelsen and Bieler, 1989). It lives there byssally attached to some 
sort of rubbly substratum, e.g., under or among rocks, sponges or coral 
and especially in crevices of reefs and ledges. Only single shells of C. aff. 
Eximia were detected in the coral bed of Unterrudling, pointing to their 
redeposition by storm currents from a shallow water environment. Still 
living, D. vitreus dwell in deep sublittoral to abyssal environments 
throughout the Atlantic Ocean and the Mediterranean Sea at depths 
from 50 to 4255 m. It is a suspension feeder, found at current-swept 
bottoms, byssally attached on dead and living deep-water coral col-
onies, their skeletons, or other secondary hardgrounds on soft mud 
bottoms (Dijkstra and Goud, 2002; Dijkstra et al., 2009; Mastrototaro 
et al., 2010; Rueda et al., 2019). Neopycnodonte is a cosmopolitan, hard 
ground cementing genus, living today in strictly steno- and euhaline 
oceanic waters at temperatures of 12◦ to 14 ◦C and depths of 27 to 1500 
m (Stenzel, 1971). Neopycnodonte cochlear, a direct descendant of the 
studied species, lives today in the Mediterranean and NE Atlantic as a 
suspension-feeder in the euphotic zone between 45 and 250 m (Poppe 
and Goto, 1993; Wisshak et al., 2009). Neopycnodonte navicularis is 
described from deep-water muddy sediments of the Paratethys, associ-
ated there with cold-water corals (Mandic et al., 2019a, 2019b). This 
correlates well with its co-occurrence with the accumulation of skeletal 
remains by Madrepora cf. oculata at Unterrudling, representing appar-
ently an autochthonous assemblage. In the Mediterranean Sea both, 
N. cochlear as well as D. vitreus dwell in habitats formed by the cold- 
water corals M. oculata and Lophelia pertusa (Rueda et al., 2019). In 
contrast to the latter assemblage, the record of Propeamussium is 
confined to the glauconitic sands of the lowermost Eferding Formation 
(Fig. 4). Living species of the genus Propeamussium are carnivorous 
active swimmers, free-living at the sea bottom and preying on small 
crustaceans (Dijkstra and Janssen, 2013). They show a cosmopolitan 

distribution and an extraordinary depth-range of 100–5000 m (Dijkstra 
and Beu, 2018). Along with Propeamussium semiradiatum, the assem-
blage of the basal Eferding Formation includes N. navicularis and 
D. vitreus, pointing together to a cold-water environmental condition at a 
minimum depth of 100 m. 

In addition, the vertebrate composition of equivalent strata of the 
NAFB (e.g., Pfeil, 1981; Reinecke et al., 2014; Pollerspöck et al., 2018) 
contrasts significantly due to the presence of a conspicuous majority of 
squalomorph sharks (87%). Shark species related to living taxa such as 
Etmopterus, Heptranchias, Echinorhinus and Centroselachus are primarily 
bottom water-dwelling deepwater inhabitants of the continental and 
insular slopes (Ebert et al., 2013). They range in depth down to more 
than 2000 m, but usually dwell at 100 m (Heptranchias) or 200 m 
(Etmopterus, Centroselachus) (Ebert et al., 2013). Consequently, the 
faunal assemblage reported in this study contrasts with the nearby de-
posits of Kriechbaum (Upper Austria), which are supposed to represent 
sediments from the same age. The Kriechbaum fauna is characterized by 
elasmobranch species of coastal environments, such as Carcharias, 
Araloselachus, Galeocerdo, Notorynchus, Carcharhinus, as well as by 
benthic rajid species. Merely few teeth of deep-water taxa (Hexanchus 
agassizi, Scyliorhinidae) and planktivorous sharks (Nanocetorhinus) were 
collected at this site (Feichtinger et al., 2019a, 2019b, 2020). Based on 
vertebrates present, we conclude that in particular the coral layer (E17) 
of Unterrudling represents a deep-water habitat, which was situated in a 
depth of approximately 200–300 m or more. Even though the slightly 
coarser material deposited in the coral layer (Fig. 4) could indicate a 
temporary shallowing. Nevertheless, this coarse sediment is rather 
caused by a storm event, as above the layer E17 the laminated muddy 
sedimentation continues. Furthermore, the lack of benthic shark species 
such as Squatina or bathomorph elasmobranchs possibly indicates the 
presence of a temporal oxygen depletion, which was previously sug-
gested for the Ebelsberg Formation at Pucking (Grunert et al., 2010a, 
2010b). Beside the majority of deep-water inhabitants, teeth of pelagic 
sharks, such as Alopias exigua, are rare elements within these sediments. 

Considering the accompanied otolith assemblage, which comprises 
four species of Myctophidae (lantern fishes), one species of Ranicipitidae 
(tadpole cods), and one species of Macrouridae (deep-sea grenadiers), a 
possible predator-prey relationship can be interpreted. The majority of 
otoliths belong to the lantern fishes (Myctophidae), which are exclu-
sively preyed by some squalimorph sharks such as Centroscyllium, 
Deania, Etmopterus, and Squalus (Ebert et al., 2013). This conspicuous 
interrelationship between the dominance of squalomorph sharks (87%) 
and otoliths of their preferred prey (93% lantern fish otoliths) within the 
coral layer point towards a vital predator-prey interaction, similar to 
modern representatives. 

5.4. Palaeogeography 

Most striking in the section Unterrudling is the facies change from 
the Linz-Melk Formation towards the Eferding Formation. One of the 
major factors is the transgressive phase documented in the Egerian 
(Roetzel et al., 1983; Piller et al., 2007; Rupp and Ćorić, 2015). The 
Eferding Formation at Unterrudling is dated by Rupp and Ćorić (2015) 
with an age of 24.3–23.4 Ma, and can therefore be correlated with the 
sequence Ch-3 (Piller et al., 2007) (Fig. 9). The faunal communities, as 
well as the facies development analysed in this study suggest a sea-level 
rise of about 200–300 m from the Linz-Melk Formation to the Eferding 
Formation, and thus correlates with the transgressive part of the 
sequence Ch-3. This transgression was probably triggered by global 
events (Haq et al., 1988), but also by regional tectonic subsidence 
induced by the ongoing Alpine Orogeny during the Oligocene (Roetzel 
et al., 1983; Kuhlemann and Kempf, 2002). Due to the propagation of 
the thrust front and the simultaneous deepening in the south, parts of the 
Eferding Formation were imbricated (Wagner, 1998), suggesting 
palaeogeographic changes in the eastern NAFB during this transgressive 
period. Nehyba and Roetzel (2010) showed that tectonic subsidence is a 
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controlling factor for the formation of palaeovalleys inside the Bohe-
mian Massif on the external passive margin of the NAFB. Moreover, 
subsidence allowed for development of the fluvial St. Marein-Freischling 
Formation and the brackish Pielach Formation during the Egerian. 

During the sea level lowstand of sequence Ch-3 in the middle Egerian 
the marine part of the NAFB was isolated towards the west (Doppler 
et al., 2005), and the palaeocoastline probably reached up to present- 
day Landshut, about 150 km west of Unterrudling (Fig. 9) (Kuhle-
mann and Kempf, 2002). Whereas the Landshut-Neuötting High, a SE- 
NW aligned fault system (Lemcke, 1973), which underwent significant 
subsidence (Hofmayer et al., 2019). It was responsible for a slightly 
deeper area at its western margin (Fig. 9) (Lemcke, 1973). Partial basin 

isolation eastwards by the so-called Egerian Ridge in the area of today’s 
Waschberg Unit has been postulated (Knierzinger et al., 2019). In the 
nearshore Linz-Melk Formation along the Bohemian Massif brackish 
deposits and only few sedimentological evidence for tidal influence have 
been observed (Roetzel et al., 1983). Nevertheless, the presence of the 
trace fossil Macaronichnus, as described here, responsible for destroying 
of sedimentary structures, hints towards a lacking preservation potential 
of such structures. In the regions west of Unterrudling and around the 
town of Melk, 100 km east of Unterrudling, mega-scale cross-bedding is 
observed in the Linz-Melk Formation. These mainly several metres thick 
sets are interpreted as submarine sandwaves on a shelf environment, 
showing tidal flood currents coming from the east (Krenmayr and 
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Roetzel, 2000a). This indicates tidal influence in the east, adjacent to the 
Egerian Ridge and a decrease of tidal current velocity to the west. In 
addition, the narrowing of the NAFB in the crystalline area around 
Amstetten might have contributed to a reinforcement of tidal currents in 
the east. Moreover, no complete isolation of the NAFB is likely, as ma-
rine deposition continues throughout the Oligocene (Doppler et al., 
1996). Consequently, a seaway, or small strait must have existed 
through the Egerian Ridge (Krenmayr and Roetzel, 2000a). 

During the transgressive phase of sequence Ch-3 this narrow seaway 
was flooded (Knierzinger et al., 2019) together with large areas to the 
south and west, as well as to the north. The sea expanded to present-day 
Munich and Salzburg (Doppler et al., 1996; De Ruig and Hubbard, 
2006). Assuming a sea level rise in the order of 200 m (this study) the 
palaeocoastline shifted several kilometres further north than previously 
postulated (Figs. 1B, 9; Doppler et al., 1996). The former terrestrial 
realm in the west and south provided vast amounts of siliciclastic ma-
terial (Lower Freshwater Molasse, Augenstein Formation) (Frisch et al., 
2001; Doppler et al., 2005), which was eroded and transported through 
feeder channels into the basin (Fig. 9; De Ruig and Hubbard, 2006; 
Knierzinger et al., 2019). The result was a positive sedimentary budget 
in the NAFB (Goodwin et al., 2020). At the same time the seaway to the 
east expanded and the Egerian Ridge disappeared, which enabled sedi-
mentary discharge eastwards to the Central Paratethys (Knierzinger 
et al., 2019). This palaeogeographic change is archived in the Puch-
kirchen Formation, which changed from deep sea turbidites (Lower 
Puchkirchen Formation) to an east-west oriented deep sea channel with 
high sedimentation rates (Upper Puchkirchen Formation) (De Ruig and 
Hubbard, 2006). Additionally, the connection to the Central Paratethys 
re-established oceanic currents westwards (Fig. 9). Furthermore, 
migratory shark species documented in the Eferding Formation at the 
locality Kriechbaum (Feichtinger et al., 2020), indicating open seaways 
to the Mediterranean Sea. The effects of the transgression on the 
northern coast of the NAFB are quite similar. Here estuaries persisted at 
the confluence of big rivers from the north along the Bohemian Massif 
(Harzhauser and Mandic, 2001; Nehyba and Roetzel, 2010), archived by 
the Pielach Formation (Wagner, 1998). This predominantly muddy 
facies consists of organic material and reworked sediments from the 
deeply weathered kaolinitic crust on the crystalline of the Bohemian 
Massif, developed in the Eocene tropical conditions (Fuchs, 1972; 
Roetzel et al., 1999). These sediments are released into the basin during 
the transgressive phase of the sequence Ch-3 (Goodwin et al., 2020). 
Furthermore, the mineralogical inventories of the Eferding Formation 
and Pielach Formation show a high amount of kaolinite (Wimmer-Frey 
et al., 2013), which also points to a weathered crystalline basement as a 
source area. 

6. Conclusions 

Summarizing the new available data we conclude that: (1) The 
granulometric data and analysed fossil groups reveal a transgressive 
sequence, which can be correlated to the sequence Ch-3. This trans-
gression led from a partial isolation to the re-opening of the NAFB to the 
Central Paratethys and a subsequent sedimentary discharge eastwards. 
(2) In addition, the sedimentological analysis together with the present 

trace fossils, the shark teeth, and the revised foraminifera data from 
Rupp and Ćorić (2015) enabled a detailed reconstruction of the depo-
sitional environment: The Linz-Melk Formation was deposited in a 
foreshore to shoreface environment with water depths less than 10 m 
and dominant wave action. Material was washed into the sea from es-
tuaries and coastal runoff and was reworked by periodic storm events. 
The lowermost part of the Eferding Formation represents the transition 
zone of an inner shelf to foreshore environment. Water depths of less 
than 30 m are inferred, strong bioturbation is apparent and muddy 
sediment indicates decreasing wave energy. The laminated muddy 
sediment in the upper part of the Eferding Formation is typical for an 
outer shelf to bathyal environment. The collected vertebrates (shark, 
fish) and invertebrates (bivalves, corals), as well as the calculated values 
from the foraminifera indicate maximum water depths of 200–300 m. 
(3) Several faunal elements such as Delectopecten vitreus, Neopycnodonte 
navicularis, Palaeocentroscymnus horvathi, Alopias exigua are newly 
recorded within the middle Egerian of the NAFB. (4) Using previously 
described and newly found plant material, the reconstructed climate is 
characterized by mean annual temperatures of 20.6 ◦C and a mean 
annual precipitation of 170 mm, which is similar to today’s South-East 
Asia. (5) A bottom water temperature of about 10 ◦C is inferred from 
calculations based on benthic foraminifera. (6) Scarce bioturbation 
structures within the upper parts of the Eferding Formation, as well as 
the peculiar shark and foraminifera assemblages indicate oxygen 
depletion in the Eferding Formation. These conditions were caused by 
the high input of organic matter, such as plant material, which led to the 
consumption of oxygen due to the degradation of organic matter by 
heterotrophs, including microbes. This was leading to the liberation of 
phosphorus to pore waters and the early diagenetic formation of phos-
phatic nodules, which are known today from upwelling regions, which 
are characterized by eutrophic conditions. (7) Distinct ecological re-
lationships are observed in this environment as a predator-prey rela-
tionship was reconstructed. Several shark species were exclusively 
preying on the present fish species. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2021.110527. 
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Appendix 1  

Kingdom Class Order Family Genus Species/Element Inventory Numbers 

Animalia Anthozoa Scleractinia Oculinidae Madrepora sp. NHMW/2020/0140/0001 
Animalia Echinodea Spatangoida indet.   NHMW/2020/0140/0004a 
Animalia Echinodea Cidardoida indet.   NHMW/2020/0140/0004b 
Animalia Bivalvia Pectinida Pectinidae Delectopecten sp. NHMW/2020/0140/0003 
Animalia Bivalvia Ostreida Gryphaeidae Neopycnodonte navicularis NHMW/2020/0140/0050 

(continued on next page) 
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(continued ) 

Kingdom Class Order Family Genus Species/Element Inventory Numbers 

Animalia Bivalvia Ostreida Gryphaeidae Neopycnodonte navicularis NHMW/2020/0140/0051 
Animalia Bivalvia Ostreida Gryphaeidae Neopycnodonte navicularis NHMW/2020/0140/0052 
Animalia Bivalvia Ostreida Gryphaeidae Neopycnodonte navicularis NHMW/2020/0140/0053 
Animalia Bivalvia Ostreida Gryphaeidae Neopycnodonte navicularis NHMW/2020/0140/0057 
Animalia Bivalvia Pectinida Pectinidae Delectopecten vitreus NHMW/2020/0140/0054 
Animalia Bivalvia Pectinida Pectinidae Delectopecten vitreus NHMW/2020/0140/0059 
Animalia Bivalvia Limida Limidae Ctenoides aff. eximia NHMW/2020/0140/0055 
Animalia Bivalvia Limida Limidae Ctenoides aff. eximia NHMW/2020/0140/0056 
Animalia Bivalvia Limida Limidae Ctenoides aff. eximia NHMW/2020/0140/0058 
Animalia Bivalvia Limida Limidae Ctenoides aff. eximia NHMW/2020/0140/0060 
Animalia Bivalvia Limida Limidae Ctenoides aff. eximia NHMW/2020/0140/0061 
Animalia Bivalvia Limida Limidae Ctenoides aff. eximia NHMW/2020/0140/0062 
Animalia Chondrichthyes Lamniformes Lamnidae indet.  NHMW/2020/0140/0005 
Animalia Chondrichthyes Lamniformes Lamnidae indet.  NHMW/2020/0140/0006 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. NHMW/2020/0140/0007 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. NHMW/2020/0140/0008 
Animalia Chondrichthyes Squaliformes Somniosidae Palaeocentroscymnus sp. NHMW/2020/0140/0009 
Animalia Chondrichthyes Squaliformes Somniosidae Palaeocentroscymnus sp. NHMW/2020/0140/0010 
Animalia Chondrichthyes Squaliformes Dalatidae indet.  NHMW/2020/0140/0011 
Animalia Chondrichthyes Squaliformes Dalatidae indet.  NHMW/2020/0140/0012 
Animalia Chondrichthyes Squaliformes Dalatidae indet.  NHMW/2020/0140/0013 
Animalia Chondrichthyes Squaliformes Somniosidae ?Centroselachus sp. NHMW/2020/0140/0014 
Animalia Chondrichthyes Hexanchiformes Hexanchidae Heptranchias sp. NHMW/2020/0140/0015 
Animalia Chondrichthyes Hexanchiformes Hexanchidae Heptranchias sp. NHMW/2020/0140/0016 
Animalia Chondrichthyes Squaliformes Echinorhinidae Echinorhinus sp. NHMW/2020/0140/0017 
Animalia Chondrichthyes Squaliformes Echinorhinidae Echinorhinus sp. NHMW/2008/0266/0001 
Animalia Chondrichthyes Hexanchiformes Hexanchidae indet. symphyseal tooth NHMW/2020/0140/0018 
Animalia Chondrichthyes Rajiformes Rajidae Raja sp. NHMW/2020/0140/0019 
Animalia Chondrichthyes Squatiniformes Squantinidae indet. denticle NHMW/2020/0140/0020 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. NHMW/2020/0140/0021 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. NHMW/2020/0140/0022 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. NHMW/2020/0140/0023 
Animalia Chondrichthyes Squaliformes Somniosidae Palaeocentroscymnus sp. NHMW/2020/0140/0024 
Animalia Chondrichthyes Squaliformes Somniosidae Palaeocentroscymnus sp. NHMW/2020/0140/0025 
Animalia Chondrichthyes Squaliformes Etmopteridae cf. Etmopterus  NHMW/2020/0140/0026 
Animalia Chondrichthyes Squaliformes indet.   NHMW/2020/0140/0027 
Animalia Chondrichthyes   indet. drag reduction denticle NHMW/2020/0140/0028 
Animalia Chondrichthyes Hexanchiformes Hexanchidae indet. isolated cusp NHMW/2020/0140/0029 
Animalia Chondrichthyes Lamniformes Lamnidae Isurus sp. NHMW/2018/0144/0001 
Animalia Chondrichthyes Lamniformes Alopiidae Alopias exigua NHMW/2020/0140/0035 
Animalia Chondrichthyes Hexanchiformes Hexanchidae Notorynchus primigenius NHMW/2020/0140/0036 
Animalia Chondrichthyes Lamniformes Odontaspididae Carcharias acutissminus NHMW/2020/0140/0037 
Animalia Chondrichthyes Hexanchiformes Hexanchidae Heptranchias sp. NHMW/2020/0140/0038 
Animalia Chondrichthyes Squaliformes Somniosidae ?Centroselachus upper jaw NHMW/2020/0140/0039 
Animalia Chondrichthyes Squaliformes Somniosidae ?Centroselachus lower jaw NHMW/2020/0140/0040 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. NHMW/2020/0140/0041 
Animalia Chondrichthyes Squaliformes Somniosidae Palaeocentroscymnus sp. NHMW/2020/0140/0042 
Animalia Chondrichthyes Squaliformes Dalatidae indet.  NHMW/2020/0140/0043 
Animalia Chondrichthyes Squaliformes Etmopteridae Etmopterus sp. OLL 2020/87 
Animalia Chondrichthyes Squaliformes Somniosidae Plaeocentroscymnus sp. OLL 2020/88 
Animalia Chondrichthyes Squaliformes Dalatidae indet.  OLL 2020/89 
Animalia Chondrichthyes Squaliformes Dalatidae indet.  OLL 2020/90 
Animalia Chondrichthyes    drag reduction denticle OLL 2020/91 
Animalia Chondrichthyes Hexanchiformes Hexanchidae  Hexanchus remains OLL 2020/92 
Animalia Actinopterygii Myctophiformes Myctophidae Diaphus cf. cahuzaci NHMW/2018/0144/0001 
Animalia Actinopterygii Myctophiformes Myctophidae Diaphus aff. kokeni NHMW/2020/0140/0032 
Animalia Actinopterygii Myctophiformes Myctophidae Diaphus aff. pristimetallis NHMW/2020/0140/0033 
Animalia Actinopterygii Myctophiformes Myctophidae Diaphus aff. taaningi NHMW/2020/0140/0034 
Animalia Actinopterygii Gadiformes Gadidae aff. Raniceps aff. coelorinchoides NHMW/2020/0140/0070 
Animalia Actinopterygii Gadiformes Macrouridae cf. Coelorinchus  NHMW/2020/0140/0071 
Plantae Pinopsida Pinales Pinaceae Pinus sp. PIUW 
Plantae Pinopsida Pinales Pinaceae Pinus sp. PIUW 
Plantae Pinopsida Pinales Pinaceae Picea sp. PIUW 
Plantae Pinopsida Pinales Pinaceae Cathaya sp. PIUW 
Plantae Pinopsida Pinales Pinaceae Tsuga sp. PIUW 
Plantae Pinopsida Pinales Cupressaceae indet.  PIUW 
Plantae Monocots Poales Thypaceae Sparganium sp. PIUW 
Plantae Eudicots Proteales Platanaceae Platanus sp. PIUW 
Plantae Eudicots Rosales Ulmaceae Ulmus sp. PIUW 
Plantae Eudicots Rosales Ulmaceae Zelkova sp. PIUW 
Plantae Eudicots Fagales Fagaceae Eotrigonobalanopsis sp. PIUW 
Plantae Eudicots Fagales Fagaceae Quercus sp. PIUW 
Plantae Eudicots Fagales Fagaceae Trigonobalanopsis sp. PIUW 
Plantae Eudicots Fagales Betulaceae Carpnius sp. PIUW 
Plantae Eudicots Fagales Betulaceae Betula sp. PIUW 
Plantae Eudicots Fagales Juglandaceae Engelhardia sp. PIUW 

(continued on next page) 
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(continued ) 

Kingdom Class Order Family Genus Species/Element Inventory Numbers 

Plantae Eudicots Fagales Juglandaceae Carya sp. PIUW 
Plantae Eudicots Malpighiales Euphorbiaceae indet.  PIUW 
Plantae Eudicots Ericales Styricaceae Rhederodendron sp. PIUW 
Plantae Eudicots Ericales Sapotaceae indet. sp. PIUW 
Plantae Eudicots Ericales Symplocaceae Symplocos sp. PIUW 
Plantae Eudicots Lamiales Oleaceae indet.  PIUW 
Plantae Magnoliopsida Laurales Lauraceae Daphnogene cinnamomifolia OLL 2020/93 
Plantae Magnoliosida Laurales Lauraceae Daphnogene sp. PIUW  

Mycophyta   indet.  PIUW  
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Geiger climate classification updated. Meteorol. Z. 15, 259–263. https://doi.org/ 
10.1127/0941-2948/2006/0130. 

Kouwenhoven, T.V., Van der Zwaan, G.J., 2006. A reconstruction of late Miocene 
Mediterranean circulation patterns using benthic foraminifera. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 238, 373–385. https://doi.org/10.1016/j. 
palaeo.2006.03.035. 
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Geologie und Paläontologie der Universität Graz 2, 10. 

Kroh, A., 2005. Catalogus Fossilium Austriae. Band 2. Echinoidea Neogenica, 210 pp.  
Kuhlemann, J., Kempf, O., 2002. Post-Eocene evolution of the North Alpine Foreland 

Basin and its response to Alpine tectonics. Sediment. Geol. 152, 45–78. https://doi. 
org/10.1016/S0037-0738(01)00285-8. 

Kuhlemann, J., Frisch, W., Szekely, B., Dunkl, I., Kazmer, M., 2002. Post-collisional 
sediment budget history of the Alps: tectonic versus climatic control. Int. J. Earth Sci. 
91, 818–837. https://doi.org/10.1007/s00531-002-0266-y. 

Kulm, L.D., Roush, R.C., Harlett, J.C., Neudeck, R.H., Chambers, D.M., Runge, E.J., 1975. 
Oregon continental shelf sedimentation: interrelationship of facies distribution and 
sedimentary processes. J. Geol. 83 (2), 145–175. https://doi.org/10.1086/628080. 
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